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Abstract 
Streptomyces coelicolor and Mycobacterium bovis are high G+C gram-positive members 
of the phylum Actinobacteria.  M. bovis is a member of the M. tuberculosis species complex 
and M. bovis, BCG is the attenuated vaccine strain used as a model organism as it can be 
manipulated in containment Category 2 laboratories. When cells are exposed to different 
environments/stresses they need to adapt their physiology and biochemistry for their 
effective survival. A key mechanism of adaptation is the ability to quickly alter the 
molecular composition of the cell through the regulation of gene expression both at 
transcriptional and translational level. While transcriptional regulation of gene expression 
has been studied extensively, little information regarding translational regulation in 
bacteria is available. To begin to study translational regulation in Streptomyces and 
Mycobacterium, a genome-wide approach was adapted to study the extent of translational 
regulation when cells are exposed to heat shock. As an initial attempt the protocol to isolate 
polysomes from both S. coelicolor and M. bovis (BCG) using classical sucrose density 
gradient under normal and heat shock conditions was optimized. Using DNA microarrays 
and RNA sequencing, the relative distribution of mRNA in the polysome fractions were 
analysed and compared it to the total transcriptome of the cell. Major heat shock responsive 
genes such as dnaK, grpE, groEL, groES, lon, hspR and dnaJ were significantly 
differentially expressed or were found to be translationally/transcriptionally potentiated 
(significantly differentially expressed genes in both transcription and translation) during 
heat shock in S. coelicolor, and in M. bovis (BCG) a smaller number of genesincluding 
SerX coding for tRNA biosynthesis and an ArsR repressor anti-toxin coding gene were 
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shown to be translationally regulated. The study was further extended in S. coelicolor to 
investigate the use of a method based on the purification of affinity tagged ribosomes as a 
way to isolate actively translated mRNA. Selected ribosomal proteins were successfully 
tagged using strep-tag and the presence of tagged ribosomal proteins in cell lysates was 
checked using blotting techniques.  
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Introduction 
1.1 Actinobacteria 
In the current lineages present among the bacterial domain, the Actinobacteria is the largest 
considered phylum in terms of taxonomic units, with diverse identified species 
(STACKEBRANDT et al., 1997), encompassing 5 subclasses and 14 suborders and 
represents high GC content gram-positive bacteria overall (Wu et al., 2012).  On the basis of 
morphology they exhibit properties from coccoid to fragmenting hyphal forms or with highly 
branched mycelium (e.g. Streptomyces ) (Ventura et al., 2007, Chandra and Chater, 2014) 
They share similar characteristic physical features with fungi because of their elongated cells 
that branch into filaments or hyphae which often led scientists to believe that streptomycetes 
were a missing evolutionary link between bacteria and fungi (Calvo et al., 2002).  
The phylum  includes bacteria of various different lifestyles such as 
Mycobacterium spp., Nocardia spp., Tropheryma spp., Corynebacterium spp. and Propi-
onibacterium spp.), in which Mycobacteria can exhibit a persistent non replicating state 
causing latent tuberculosis infection in humans (Severo et al., 2011). These micro-organisms 
are found in a wide range of aquatic and terrestrial environments but are mostly soil dwelling 
microorganisms and, when faced with harsh conditions, to ensure survival they have the 
ability to activate and manipulate their metabolic pathways for adaptation. As a result of 
these processes unique bioactive compounds are produced (Suthindhiran and Kannabiran, 
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2010, Vijayakumar et al., 2007) and, because of these,  actinobacteria are renowned as a rich 
source of natural products of clinical, agricultural and industrial value. Actinobacteria are 
responsible for the synthesis of enzymes which can decompose various organic materials, 
such as cellulose and chitin, in processess essential to  organic matter turnover and the carbon 
cycle. These enzymes may be of great value in biotechnology. Those found in diverse 
habitats produce novel natural products with huge commercial potential (Prakash et al., 
2013). Actinobacteria are perhaps best known for the production of a large number of 
secondary metabolites (Saito et al., 2001) which confirm their unique physiological and 
metabolic properties. Many of these are potent antibiotics (Higgins et al., 1967), a 
commercial trademark feature for various pharmaceutical companies which promted 
exploitation of Streptomyces species as significant antibiotics producing organisms (Nett et 
al., 2009). This study will investigate the biology of two actinobacteria: Streptomyces 
coelicolor, a model organism with a coding capacity for medicinally important classes of 
secondary metabolites and Mycobacterium bovis (BCG) a member of the M. tuberculosis 
(M. tuberculosis) (MTBC) complex, which is an attenuated vaccine strain for tuberculosis 
(Kim et al., 2013)  
1.2 Streptomyces coelicolor   
Soil is the most complex and variable environment both biologically and nutritionally for 
microorganisms.  Streptomyces predominantly survive in soil (Manteca and Sanchez, 2009).  
Their broad range of metabolic processes and biotransformations makes them crucial parts 
of the ecosystem. Streptomyces is one of the largest genera of actinobacteria and over 500 
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species of this genus have been identified and described. Among various species of 
Streptomyces, S. coelicolor A3 (2) is the best genetically characterized species and 
represents a model streptomycete and indeed a model bacterium. Genetic studies on S. 
coelicolor A3(2) have been aided by the availability of a comprehensive genetic toolbox, 
including a variety of cloning and protein expression vectors, transposon mutagenesis 
systems, integrative phage systems and cross-species conjugal transfer systems (Bishop et 
al., 2004, Flett et al., 1997, Gust et al., 2003, Hopwood, 1999).  
 
Figure 1.1: A, B, C. Surface view of S. coelicolor colonial morphology cultivated on agar 
plates. 
[Both substrate and aerial mycelia develop from the central mass of the colony. Metabolites, 
including the blue antibiotic actinorhodin, are excreted into the medium and into aqueous 
droplets on the hydrophobic surface of the colony. A: Source: Bentley et al., 2002. B and C: 
Source: Taken in Prof Colin Smith Laboratory, University of Surrey] 
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The Sanger Institute sequenced the entire 8,667,507 bp genome of S. coelicolor A3(2) which 
is twice as large as E. coli genome (http://www.sanger.ac.uk/) (Bentley et al., 2002, 
Murakami et al., 2011) (Figure 1.2). The genome contains approximately 7,825 protein 
coding genes compared to the 6,203 genes encoded in the chromosome of the eukaryotic 
yeast, Saccharomyces cerevisiae.  
1.2.1 General life cycle of Streptomyces coelicolor  
S. coelicolor A3 is a gram-positive spore-forming soil bacterium that undergoes an intricate 
program of morphological and physiological differentiation, resembling that of ﬁlamentous 
fungi. The developmental life cycle of Streptomyces is extra-ordinarily intricate for a 
bacterium and consists of  co-ordinated development of multicellular cell types (Murakami 
et al., 2011). The multicellular development found in the Streptomyces lifecycle involves 
differentiation into three distinct stages (Figure 1.3)., the first of which is the substrate 
mycelium, a surface growth of a branched network of mycelia with separate multi-genomic 
compartments. As nutrients are depleted, starvation sensing triggers a second stage 
characterized by vertical growth in the form of aerial hyphae. In the third stage, individual 
hyphae coil and form compartments (a process termed septation), with each compartment 
containing a single chromosome and further differentiates into spores (Chater, 1993, Chater, 
1998). 
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Figure 1.2: S. coelicolor A3 chromosome. 
 
[The linear chromosome can be partitioned as, the core (dark blue) and two arms (light blue) 
region. The core region contains the essential and housekeeping genes, which helps in amino 
acid biosynthesis, division of cells and cell replication, whilst the arms generally contain 
non-essential genes such as those for secondary metabolite biosynthesis. The outer scale is 
numbered anticlockwise (to correspond with the previously published map8) in megabases 
and indicates the core (dark blue) and arm (light blue) regions of the chromosome. Circles 1 
and 2 (from the outside in), all genes (reverse and forward strand, respectively) colour-coded 
by function (black, energy metabolism; red, information transfer and secondary metabolism; 
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dark green, surface associated; cyan, degradation of large molecules; magenta, degradation 
of small molecules; yellow, central or intermediary metabolism; pale blue, regulators; 
orange, conserved hypothetical; brown, pseudogenes; pale green, unknown; grey, 
miscellaneous); circle 3, selected 'essential' genes (for cell division, DNA replication, 
transcription, translation and amino-acid biosynthesis, colour coding as for circles 1 and 2); 
circle 4, selected 'contingency' genes (red, secondary metabolism; pale blue, exoenzymes; 
dark blue, conservon; green, gas vesicle proteins); circle 5, mobile elements (brown, 
transposases; orange, putative laterally acquired genes); circle 6, G + C content; circle 7, GC 
bias ((G - C/G + C), khaki indicates values >1, purple <1). The origin of replication (Ori) 
and terminal protein (blue circles) are also indicated. (Bentley et al., 2002) ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: Diagrammatic illustration of the Streptomyces life cycle A.  
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[Spores form tubules upon germinating. B. Tubules branch to form a mass of mycelium 
which penetrate into the soil and also spread horizontally. C. Aerial hyphae form which 
eventually differentiate into chains of spores. The morphological changes are regulated in a 
complex network that also controls secondary metabolite production. Many genes are 
involved including the various “bald” (bld) genes and the “white” (whi) genes. Reproduced 
from (Kieser et al, 2000)] 
 
During the stage of aerial mycelial growth and sporulation, this bacterium produces a 
plethora of naturally occuring active metabolites and contains diverse capability to synthesise 
and catabolise complex substrates (Wang et al., 2011). Streptomyces is capable of 
microaerobic growth and maintaining viability through several weeks of strict anaerobiosis. 
Both resting and germinated spores are able to survive abrupt exposure to anaerobiosis, 
which contrasts the situation with Mycobacterium species where gradual oxygen depletion 
is required to establish a latent state in which the bacterium is able to survive extended 
periods of anaerobiosis (van Keulen et al., 2003).  
1.2.2 Secondary metabolite production by Streptomyces coelicolor 
The term secondary metabolite describes a range of natural compounds produced by a variety 
of organisms including bacteria, fungi and plants (Demain and Fang, 2000); they are not 
essential for growth in the laboratory and tend to be produced by a specific orgasnism, rather 
than by many. Antibiotic production (or secondary metabolism) is triggered and 
morphological differentiation is generally activated by starvation or by an uncharacterized 
stress response leading to the end of rapid vegetative growth. Secondary metabolite 
production coincides with the late growth phases of the producing organism. In liquid media, 
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secondary metabolite production tends to occur in late stages of growth or in the stationary 
phase, whilst on solid media it tends to occur at the onset of morphological differentiation 
(Bibb, 1996). A transient arrest of growth and onset of secondary metabolite production 
under stress are typically  accompanied by a complex series of changes in global gene 
expression (McCormick and Flärdh, 2012, D'Alia et al., 2010, Chatterjee et al., 2011). Many 
secondary metabolite compounds show anti-fungal, anti-bacterial and other biological 
properties . However these compounds are non-essential to the growth of the producer and 
appear to provide no direct benefit for the producing organism, at least under laboratory 
growth conditions. Whilst these compounds have no obvious role during axenic culture in 
the laboratory, it is clear that some compounds like carotenoids (light sensitive 
pigments/secondary metabolite) and especially those with biocidal properties, would 
influence the ability of the producer to compete and survive in its natural environment.  
Genomic studies conducted in Streptomyces species reveal that each species of the genus 
Streptomyces has the potential to carry more than 30 secondary metabolite gene clusters, 
which in turn reinforces the idea that the complete understanding of the biosynthetic potential 
of this bacterial genus is far from being fully exploited (Aigle et al., 2014). In the field of 
medicine the significance of Streptomyces is being sustained by the fact that it produces over 
two thirds of world’s antibiotics that are in current use. In addition, Streptomyces produces 
other pharmaceutical compounds such as anti-tumour agents and  immunosuppressants by 
means of complex secondary metabolite production pathways. The complete genome 
sequencing of S. coelicolor A3 (2), has indeed revealed an unsuspected and unprecedented 
potential to synthesize nearly 20 secondary metabolites, although only few were identified 
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over 50 years by classical screening approaches.(Manivasagan et al., 2014, Bentley et al., 
2002, Challis and Hopwood, 2003). 
1.3 Mycobacterium tuberculosis complex  
The present project aims to compare gene regulation in Streptomyces ceolicolor with another 
actinobacterium, M. bovis (BCG) a member of the M. tuberculosis complex (MTBC). The 
MTBC refers to a genetically, closely related group of Mycobacterium species that can 
cause tuberculosis (Genewein et al., 1993). Alongside BCG it includes M. tuberculosis, M. 
bovis,  M. africanum, M. microti, M. canettii, M. pinnipedii and M. mungi (Glickman and 
Jacobs, 2001).  Among these, M. tuberculosis is the most important human pathogen and the 
causative agent of most cases of tuberculosis (TB) worldwide (Figure 1.4) (Honer zu Bentrup 
and Russell, 2001). 
 
 
Figure 1.4: Close-up of a M. tuberculosis culture revealing this organism’s colonial 
morphology.  
[(A) Note the colourless rough surface, which are typical morphologic characteristics seen 
in M. tuberculosis colonial growth http://www.cdc.gov/nchhstp/Default.htm. B) M. 
tuberculosis growing on an agar plate] 
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(Source: http://archive.sciencewatch.com/ana/st/tub/09aprSTTubBros/ ) 
Infecting over two million people a year and causing an estimated annual death of 1.3 million 
across the world. TB is associated with the poverty and HIV co-infection and while most of 
these fatalities occur in undeveloped countries, it is a continuing problem in developed 
countries particularly in areas with populations settled from endemic regions of the world 
(WHO, 2013)   
1.3.1 The pathogenesis of Mycobacterium tuberculosis 
 Complex cell wall  
M. tuberculosis is a gram positive GC rich bacterium with a special cell envelope containing 
in addition to peptidoglycan layer a highly rich layer with unusual lipids, polysaccharides 
and glycolipids (Kolattukudy et al., 1997, Brennan, 2003). The cell wall components range 
from simple fatty acids (palmitate and tuberculostearate) to very long chain, highly complex 
molecules such as mycolic acids, mycocerosic acid, phenolthiocerol, lipoarabinomannan and 
arabinogalactan. Such diverse arrays of lipophilic molecules are produced only in very few 
organisms (Figure 1.5).  
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Figure 1.5: The structure of the M. tuberculosis cell wall.  
 
[This figure shows a schematic representation of the major components of the cell wall and 
their distributions. The inner layer is composed of peptidoglycan which is covalently linked 
to arabinogalactan layer. The outer membrane contains mycolic acids, glycolipids like 
(mannose-capped) lipomannan, and mannoglycoproteins.] 
 
Compared to a small number of 50 enzymes in E. coli, ~250 distinct enzymes are involved 
in M. tuberculosis for fatty acid metabolism (Neidhardt and Curtiss, 1996). Inherent 
resistance to killing inside host macrophages is conferred by the mycobacterial cell wall, 
which presents a biological physical barrier of lipid against the hydrolytic enzymes 
encountered within the macrophage and by mycobacterial enzymes dedicated to detoxify 
reactive radicals (Corleis et al., 2012, Honer zu Bentrup and Russell, 2001) low growth and 
the ability to enter apparent dormancy are major characteristic features of M. tuberculosis 
 12 
 
that may also be extremely important to its pathogenesis (Wheeler and Ratledge, 1994). The 
highly hydrophobic cell envelope also acts as a permeability barrier for many potential 
antibiotics (McNeil et al., 1994). 
 Dormancy and drug resistance 
Initially, M. tuberculosis avoids destruction by immune mechanisms to establish a persistent 
infection. M. tuberculosis interferes with dendritic cell function (Tailleux et al., 2003), 
antigen presentation (Ramachandra et al., 2001) and cytokine signalling by infected cells 
(Ting et al., 1999) to avoid the activation of macrophages by T cells. M. tuberculosis prevents 
the normal maturation and acidification of the phagosome in which it resides and replicates 
(Duclos and Desjardins, 2000). The fastest generation time of M. tuberculosis bacteria is 
calculated to be approximately 14 -21 h in synthetic medium or in infected cells 
(Gengenbacher and Kaufmann, 2012). 
 
Mycobacteria are obligate aerobes, i.e., they require oxygen for growth. However, ample 
evidence from animal models and human studies suggests that tubercle bacilli encounter 
hypoxic environments in active disease as well as in latent infection (Wayne, 1960, Weber 
et al., 2000, Kaprelyants et al., 1993). L. G. Wayne established a link between starvation for 
oxygen and drug resistance. During this stage like S. coelicolor, tubercle bacilli are not 
capable of forming spores. However they have a genetic program, triggered by hypoxia and  
controlled by transcription factor DosR (Wayne and Hayes, 1998, Boon and Dick, 2002) 
which regulates the development of a defined non growing survival form without 
morphological differentiation termed as the state of dormancy resulting in the temporary 
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metabolic shutdown which can induce a cell mediated immune response but cannot eradiate 
the infection permanently. 
 
Importantly, the dormant form of the bacterium is resistant to antimycobacterials. This 
phenotypic resistance could be due to the fact that antimycobacterials target mainly growth-
related functions such as cell wall synthesis (Wayne, 1960, Weber et al., 2000, Kaprelyants 
et al., 1993) Later through ageing or immune suppression when the immunity wanes the 
dormant bacteria can resume active replication and cause an outbreak by “reactivation” of 
the infection often many decades after the initial infection (Chan and Kaufmann, 1994). The 
molecular basis of dormancy and reactivation is not well understood but it is expected to 
have genetically programmed intracellular signalling pathways (Cole et al., 1998). This is 
also one of the main causes, for the need of lengthy treatment regimens and the chronic nature 
of the disease because most actinomycete drugs are only active on replicating bacteria. It 
imposes a formidable obstacle for the researchers. 
1.4 Mycobacterium bovis  
M. bovis is an important member of  the MTBC and the causative agent for bovine TB and 
is a slow growing aerobic bacterium which can cross the species barrier by causing 
tuberculosis in a wide host range of species such as humans, cattle, non-human primates, 
goats, cats dogs, pigs, buffalo, badgers, possums, deer and bison (Garnier et al., 2003). 
Theobald Smith, a renowned pathologist proved that the tubercle bacilli from cattle and 
humans differed in their ability to infect different animal species (Smith, 1898). However 
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sequencing of their genomes has revealed that the two species are 99.95 % similar at the 
nucleotide level and generally induce similar pathology so it remains to be elucidated what 
mechanisms are involved in host specificity (Barkan et al., 2009). 
1.5 Mycobacterium bovis BCG 
For over 5 decades BCG has been used to immunize over 3 billion people in an effort to 
control the threat of tuberculosis globally in worldwide immunization programmes. 
Although the efficacy of BCG vaccine is highly variable in individuals recent meta-analysis 
data estimates that the BCG vaccine reduced the overall risks of tuberculosis by 50% and 70 
to 80% of the serious form of the disease (Colditz et al., 1994). M. bovis was attenuated into 
an avirulent strain by culturing M. bovis on ox-bile and glycerol soaked potato slices and 
serial passaging it for over 13 years (Sherman, 2001). The attenuated strain has been 
maintained by continuous subculture over decades which  led to genetic  polymorphism in 
this strain and therefore a variety of M. bovis BCG strains (Behr et al., 1999).  What is still 
unknown is the complete array of mutations that led to the attenuation of BCG except RD1 
deletion which seems to have played an important initial role (Pym et al., 2002). RD1 is a 
9.5-kb DNA segment conserved in all virulent and laboratory strains of M. bovis and M. 
tuberculosis tested and was absent from all BCG sub strains. This suggests that the original 
attenuating mutation was the deletion of RD1 in BCG derivation (Mahairas et al., 1996).  
The genetic similarity with M. tuberculosis is one of the main reasons to select M. bovis 
(BCG) for study in this project because although it is attenuated, it retains the basic gene 
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regulatory systems of M. tuberculosis and M. bovis. Of prime importance is the fact that it 
can be manipulated at a lower level of containment.  
1.6 Justification for comparing Streptomyces coelicolor and Mycobacterium 
bovis (BCG) in this project 
Studies in genetics and cell biology of Streptomyces and Mycobacteria have revealed 
striking similarities in genetic regulatory systems and in the developmental and 
morphological hallmarks of their life cycles which clearly justifies the comparative studies 
of these organisms (Schaeffer et al., 1999). Both Mycobacteria and Streptomyces are prone 
to be exposed to adverse environmental conditions during the process of infection (McNeil 
et al., 1994)  or in the soil environment, such as nutrient deprivation, heat shock, cold shock 
and extreme pH and they have evolved efficient systems to dispose of potentially toxic 
protein aggregates formed by misfolded or damaged proteins which can be formed in 
stressful situations (Bucca et al., 2000, Stewart et al., 2002).  Knowing the distinct impacts 
of M. bovis (BCG) and S. coelicolor on mankind it is certainly interesting and potentially 
useful to reveal the mechanistic basis of how these bacteria regulate gene expression during 
physiologically unfavourable conditions. 
1.7 Regulation of gene expression in bacteria 
Microbial cells thrive in complex environments where temporal fluctuations in nutrient 
levels, toxins and cell density pose challenging growth conditions. The reproductive success 
of microbes hinges both on their ability to outgrow competitors in times of nutrient 
availability as well as on their potential to efficiently survive periods of stress and starvation. 
 16 
 
The adaptation to these ever-changing conditions relies on intricate signaling pathways and 
gene regulatory networks, which orchestrate both protein production and their activities on 
all possible levels. Gene expression is controlled by two important steps in bacteria – 
transcription and translation. Transcriptional mechanisms control the synthesis of mRNA 
and translational mechanisms control the synthesis of protein after mRNA has been 
produced.  
1.8 Transcriptional  control of gene expression in bacteria 
Control of gene expression in bacteria is generally considered to occur primarily at the level 
of transcription by regulating the amount of mRNA transcribed from a gene, which is 
primarily determined by the affinity of RNA polymerase for the promoter of that gene 
(Neyrolles and Guilhot, 2011).  
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Figure 1.6: (A) Structure of RNA polymerase holoenzyme; (B) upstream elements in a 
bacterial promoter region. 
 
Bacterial promoter structure consists of regulatory sequences/upstream elements which 
include a promoter site comprising of two consensus sequences (TATAAT at -10 bp and 
TTGACA at -35 bp upstream of the transcription start site (TSS) and DNA sequences which 
bind activator or repressor proteins, sited upstream or downstream of the promoter sequence 
(Mortensen et al., 1991, Fuchs et al., 2011) (Figure 1.6B). RNA polymerases are enzymes 
necessary to synthesize the primary transcript or mRNA using DNA as a template. The 
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enzyme consists of multiple subunits: σ, β, β’ and two α subunits in which the σ factor serves 
to recognize the promoter sequence in DNA to be transcribed, the α subunits help to 
determine the DNA to be transcribed, β subunit helps to unwind DNA and β’ catalyses the 
polymerisation of nucleotides (Laub et al., 2000) (Figure 1.6A). Transcription involves three 
main stages: Initiation, Elongation and Termination. During initiation the RNA polymerase 
along with σ factor attaches to the template strand to form a closed binary complex. RNA 
polymerase then binds to the promoter site releasing the sigma factor and the resulting 
initiation complex is termed as open binary complex. Next to the promoter is typically an 
operator or ‘initiator’ site, or both. These sequences are binding sites for negatively, or 
positively acting transcription factors, respectively. In negative regulation, a repressor 
protein binds to the operator site and the transcription is inhibited. In positive regulation a 
protein binds to the initiator site to stimulate transcription initiation.  
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Figure 1.7: Transcription in bacteria 
 21 
 
 
The steps of transcription initiation and transcription termination are illustrated in Figure 1.7. 
In many cases, groups of genes at different sites on the chromosome are regulated in a 
concerted fashion.  Such a set of genes or operons, expressed from separate promoter sites 
but controlled by the same transcription factor(s), are called a regulon. Examples of regulons 
include BldD in S. coelicolor, known to control several genes responsible for controlling 
development  (e.g bldA, bldC, bldH/adpA, bldM, bldN, ssgA, ssgB, ftsZ, whiB, whiG, smeA-
ssfA) and secondary metabolism (e.g nsdA, cvn9, bldA, bldC, leuA) (Masek et al., 2011).  
Also HspR which controls genes/operons involved in heat shock in Streptomyces and 
Mycobacteria (Bucca et al., 2009, Stewart et al., 2002) and PhoP which controls the 
phosphate startvation response (Allenby et al., 2012). 
Examples of global regulatory systems, which may encompass more than one one regulon, 
include the heat shock response, acid response, oxidative stress response, cold shock 
response and osmotic stress response  (Chesson et al., 2004). Bacteria also have mechanisms 
for sensing the environment and responding to external conditions and other stimuli, without 
such conditions altering the internal state of the cell (Chattopadhyay et al., 2011).  The 
process for transmitting external signals to the interior of the cell is known as signal 
transduction. One of the most common of such mechanisms are the two- component 
regulatory systems (TCS)(Yepes et al., 2011). In general, these systems comprise an integral 
membrane protein called a histidine protein kinase (HPK) and a separate cytoplasmic protein 
called response regulator (RR). When a stimulus causes a conformational change in HPK, 
the HPK autophophorylates at a conserved histidine residue and subsequently transfers this  
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phosphate group to the response regulator. In this form RR is able to bind to DNA and 
regulate transcription  (Lin et al., 2013, Gebauer and Hentze, 2004, Ishihama, 2010). Almost 
all bacteria contain multiple sigma factors controlling transcription of gene subsets (sigma 
factor regulons). There are two different types of sigma factors which can be classified as 
σ70 and σ54. The two classes do not have any sequences in similar. Members of σ70 sigma 
factors are capable of being active upon binding to the core RNA polymerase and the DNA. 
This also facilitates the transcription initiation to occur as soon as σ70 proteins were 
translated. Regulation of this class of sigma factors is achieved predominantly by altering 
the expression levels of σ70 and their anti-sigma factors that can bind and inactivate the 
protein. An additional ATP-dependant activation event is required for σ54 action (Tripathi et 
al., 2014, Doukhan et al., 1995). The above represent some of the major regulatory events 
which govern gene expression at the transcriptional level in bacteria.   
1.9 Translational control of gene expression in bacteria 
The next major step in prokaryotic gene expression regulation is at the translational level. 
Translation is the process by which the mRNA is translated into proteins. Like transcription 
translation involves three different stages; Initiation, Elongation and Termination.  
 
Figure 1.8: Schematic diagram of ribosome structure 
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Initiation involves the assembly of two ribosomal subunits (50S and 30S), mRNA to be 
translated, initiator tRNA (transfer RNA) charged with N- formylmethionine (fMet-tRNA) 
the first amino acid in the nascent polypeptide, guanosine tri phosphate (GTP) as a source of 
energy, bacterial elongation factor (EF) and three bacterial initiation factors (IF-1, IF-2 and 
IF-3) to form the initiation complex. There are three active sites in the ribosome; the A site, 
the point of entry for the aminoacyl tRNA, exception being first aminoacyl tRNA. The site 
in which peptidyl-tRNA is formed is called P site. Finally the E site, the exit point for the 
uncharged tRNA which is released once the nascent polypetide chain is transferred to the 
incoming charged tRNA (Figure 1.8 and 1.9).  
 
Figure 1.9: Translation overview in prokaryotes 
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The selection of an initiation codon typically depends on the interaction between the 30S 
subunit and the ribosome-binding site upstream from the start codon on the mRNA template. 
Initiation factors recruit the small ribosomal subunit (30S subunit) and scan over the 5’-
untranslated region (Aigle et al.) or the leader sequence of the mRNA transcript for the Shine-
Dalgarno sequence (SD) sequence and start codon (AUG) to assemble a fully translationally 
competent ribosome. Modification of any of these factors or binding of repressor RNA-
binding proteins prevents the formation of this complex and globally represses the translation 
(Chesson et al., 2004).  
The region upstream of the AUG initiation codon in the template mRNA, called the SD 
region is purine rich. The SD region is complementary to the pyrimidine rich region of the 
16S rRNA component in 30S subunit. These complementary nucleotide sequences pair up 
during the formation of the initiation complex, forming a double stranded mRNA. The 
initiation complex is formed in such a way that the initiation codon is placed at the P site 
(Kozak, 1999, Bilanges and Stokoe, 2007).  
Once the initiation complex is formed, the larger subunit (50S) attaches to the mRNA 
template. The polypeptide chain is synthesized by the addition of amino acids to the growing 
chain at the carboxyl end, after when the fMet-tRNA enters the P site, leading to a 
conformational change in the A site for the binding of new aminoacyl-tRNA in the ribosome. 
Elongation factors (EF) facilitate this binding. This large conformational change in the 
ribosome helps for faster and accurate recognition of the appropriate tRNA which in other 
words called as conformational proof reading. (Savir and Tlusty, 2013).  
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Figure 1.10: Translation in bacteria: steps in more detail 
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The P site contains the start of the peptide chain of the protein to be encoded and the A site 
has the following amino acid to be added to the peptide chain. The developing polypeptide 
associated with the tRNA in the P site is disconnected from the tRNA in the P site and a 
peptide bond is formed between the last amino acid of the polypeptide and the amino acid 
still appended to the tRNA in the A site. This procedure, known as peptide bond arrangement, 
is catalyzed by a ribozyme (the 23S ribosomal RNA in the 50S ribosomal subunit). The 
newly formed peptide in the A site is known as dipeptide and the entire assembly is called 
dipeptidyl-tRNA. The P site without the amino acid is known as deacylated. During 
translocation (end of elongation phase), the deacylated or uncharged tRNA (in the P site) and 
the dipeptidyl-tRNA in the A site alongside its corresponding codons move to the E and P 
sites respectively while another codon moves into the A site. EF catalyses this process of 
translocation. (Dinos et al., 2005).  
The uncharged tRNA from the E site is released. The translocation continues as more 
aminoacyl-tRNA binds to the A site, until the stop codon is reached on the mRNA (UAA, 
UGA or UAG). Once the termination codon enters the A site, it is recognised by proteins 
called release factors such as RF1, which helps recognising the UAA and UAG stop codons 
or RF2 which helps recognising the UAA and UGA stop codons. These factors, then help in 
the ester bond hydrolysis in peptidyl-tRNA to release the newly synthesized polypeptide 
chain from the ribosomal subunits. At the end of the translation termination process, a third 
release factor called RF3 binds to RF1 and RF2 to catalyse their release from the ribosome. 
(Figure 1.10). Finally the ribosome recycling step plays a role in the disassembly of the post-
termination ribosomal complex, which is the mRNA with the termination codon at the A site, 
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intact 70S ribosome and deacylated tRNA in the P site. (Hirokawa et al., 2006). Once the 
nascent protein is released and the post-termination complex has been disassembled, the 
separation of mRNA and tRNAs from the ribosome and the dissociation of 70S ribosome to 
30S and 50S subunits is carried out by Ribosome Recycling factor and EF. All the 
translational components are then made free for another round of translation event. 
Translation is usually carried out by more than one ribosome simultaneously. The complex 
of one mRNA and a number of ribosomes is called a polysome. mRNA attached to 
polysomes are generally considered as actively translating. During conditions of stress 
bacteria slow down the translational machinery, a process known as the ‘stringent response’ 
with the help of certain factors/proteins which can either bind to 70S ribosome complex to 
form ribosome dimers in Streptomyces species (Jones et al., 2014) or by simply stabilising 
the ribosomes in the associated forms (70S) as in mycobacterial species (Trauner et al., 
2012).  The stringent response immediately shuts down the gene expression following 
exposure to stress (such as nutrient deprivation). For example total RNA synthesis is reduced 
to ~ 10% of normal levels, there is a massive >10-fold reduction in rRNA and tRNA 
transcription, protein synthesis decreases and the unusual nucleotides ppGpp (guanosine 
tetraphosphate ) and pppGpp (guanosine pentaphosphate ) accumulate during the stringent 
response coded by RelA and SpoT (Romby and Springer, 2003).  This accumulation inhibits 
the elongation process.  
In addition to these internal factors, severe external stress conditions result in the termination 
of protein synthesis, global repression of translation initiation manifested by the gradual 
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decrease of polysomes for most mRNA transcripts (Parker and Sheth, 2007). Overall, it is 
necessary for bacteria to regulate their gene expression to adapt themselves for the 
environment at both a transcriptional and translational level (Thompson et al., 2007). 
Compared to the enzyme systems in DNA replication, the translational machinery works 
relatively slowly in general. In bacteria, proteins are synthesized at a rate of just 18 amino 
acids per second, while transcribing 1000 nucleotides per second during transcription. This 
variation reflects the difference in the amount of time utilized to make nucleic acids by 
polymerizing four types of nucleotides and to make protein by polymerizing twenty different 
amino acids. One of the major causes for this slow protein synthesis is the time taken by the 
bacteria to test and reject the incorrect amino-acyl tRNA molecules. Once the 5’ end of the 
mRNA is synthesized, translation initiation occurs and unlike eukaryotes, in bacteria 
transcription and translation are coupled (Rajasekhar and Holland, 2004, Bilanges and 
Stokoe, 2007, Romby and Springer, 2003).   
1.10 Transcriptional regulation of gene expression in Streptomyces 
ceolicolor 
This section briefly summarises information regarding key regulators involved in 
morphological differentitation and secondary metabolism in S. coelicolor. To begin with, the 
complete genome sequence of S. coelicolor  has allowed us to analyse the two component 
signal transduction systems (TCSs), unpaired sensory kinases (SKs) and orphan response 
regulators (RRs) of this organism. In S. coelicolor there are 85 SKs, 79 RRs, 53 sensor 
regulator pairs and several TCSs  (Bentley et al., 2002, Mascher et al., 2006). 
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1.10.1 Regulation by alternative sigma factors 
One of the essential factors of RNA polymerase to determine its promoter selectivity is the 
bacterial sigma factor (σwhiG). The great number of sigma factors, 66 in S. coelicolor, 
strikingly point to its complexity of gene regulation. Some key sigma factors are σ N 
(involved in aerial hyphae formation), σ F (involved in the later stages of spore formation), 
σ B and σ H (regulation of morphological differentiation and responses to osmotic stress), σ I 
and σ J ( both are particularly SigH like) and σ M (osmotic stress response). All other sigma 
factors are commonly referred as ECF (extracytoplasmic function) sigma factors. These are 
small regulatory proteins and are 51 in number in S. coelicolor. They play a major role in 
transcription regulation in response to various extracellular changes. Extensive research has 
been carried out on three ECF sigma factors in S. coelicolor, namely σE, σR and σBldN and are 
found to control cell envelope stress management, oxidative stress response and aerial 
hyphae formation, respectively (Paget et al., 2002, Kim et al., 2008, Missiakas and Raina, 
1998). 
1.10.2 Regulation of morphological development of Streptomyces coelicolor 
Isolation of morphologically defective mutants of S .coelicolor by classical genetic screens 
resulted in identification of two main phenotypic classes called Bld and Whi. Critical 
research in Bld and Whi mutants revealed a number of various genes needed at different 
stages of aerial hyphae to mature spores development. 
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1.10.3 Regulation during formation of aerial hyphae from substrate mycelium (bld 
genes) 
Under favourable conditions one or two germ tubes emerge from a spore and grow by tip 
extension and branch formation to give rise to a substrate mycelium. After about 2 to 3 days 
aerial hyphae grow up in a process that involves the action of a large number of bld genes, 
including bldA, B, C, D, G, H, I, K. Compared to wild-type colonies, bld mutants lack aerial 
mycelium formation and results in a ‘bald’ and lustrous appearance (Figure 1.11) 
(HOPWOOD et al., 1970).  
 
 
Figure 1.11: Wild-type and bald mutant colonies surface appearance. A) Wild type B) 
bld mutant with bald and lustrous appearance. (McCormick and Flärdh, 2012) 
 
Among the transcriptional units controlled by the BldD regulon, which is ~167, more than 
20 units were regulated by the BldD transcriptional factor, in which many have essential 
roles in development (e.g smeA-ssfA, whiG, whiB, ftsZ, ssgB, ssgA, bldN, bldM, bldH/adpA, 
bldC, bldA) and also in secondary metabolism (e.g leuA, bldC, bldA, cvn9, nsdA). About 25 
% of the BldD regulon, which is around 42 genes, encoding regulatory proteins are direct 
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targets of BldD. This greatly validates the central pleotropic role played by BldD 
(HOPWOOD et al., 1970). 
1.10.4 Regulation of development from aerial hyphae to sporulation stage  
The apical compartment of individual aerial hyphae forms a spiral syncytium that contains 
many tens of genomes. When aerial growth stops, multiple septa subdivide the apical 
compartment into unigenomic pre-spore compartments. These subsequently change in shape; 
wall thickening occurs and grey spore pigment is deposited, to generate dessication-resistant 
spores. Sporulation septation depends on at least five regulatory loci (whiA, whiB, whiG, 
whiH, whiI and whiJ), which also have important roles in the thickening of the spore wall 
and the deposition of the grey spore pigment (spore pigment is specified by the whiE gene 
cluster). whi mutants fail to produce spore pigment although phenotypic evidences suggest 
that they can form aerial mycelium which results in the formation of white colony surfaces  
(HOPWOOD et al., 1970, Chater, 1972). In few cases whi mutants are only defective in 
synthesis of the pigment but often can block different developemental stages of spore 
formation. Five key regulatory genes were found to strictly and non conditionally control the 
early stages of aerial hyphae conversion to spores: whiA, whiB, whiG, whiH and whiI (Chater 
and Chandra, 2008, Elliot et al., 2003, Chater et al., 2010). σWhiG, an aerial hyphal 
differentiation regulator which controls two central developmental genes, whiI and whiH 
(Flardh et al., 1999). Both whiI and whiH appear to encode autorepressors and whiI 
negatively influences expression of whiH (Ryding et al., 1998), suggesting that a negative 
feedback loops may also contribute to the regulation, while whiG transcripts were detected 
throughout colony development in the wild-type. Basically indistinguishable mutant 
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phenotypes of whiA and whiB have long, firmly wound, however ineffectively septated aerial 
hyphae (Chater, 1972, Flardh et al., 1999). Trancription of whiA and whiB is autonomous of 
whiG, prompting models that whiA/whiB and whiG/whiH/whiI structure two parallel 
however merging pathways required for sporulation (Soliveri et al., 2000).  
1.10.5 Regulation by WhiB-like protein and AdpA (a small molecule-dependent 
protein) 
Wbl (WhiB-like)   proteins are exclusively found in actinobacteria and are considered as 
small proteins with four cystein residues which are conserved (Gao et al., 2006, Soliveri et 
al., 2000). Multiple Wbl proteins such as 11 chromosomal Wbls are encoded by S. coelicolor 
(den Hengst and Buttner, 2008).  Previous studies related to Wbl proteins demonstrate their 
role as transcription factors in Streptomyces (Chater and Chandra, 2008, den Hengst and 
Buttner, 2008). whiD is an important member of wbI genes which plays a significant role in 
septa formation and maturation of spores (Bibb et al., 2000). 
1.10.6 AdpA (a homologue of A-factor-dependent protein from S. griseus) 
AdpA (A-factor-dependent protein) synthesized from the adpA gene has a significant role in 
morphological differentiation and antibiotic production in S. coelicolor (Higashi et al., 2007).   
During transcription, bldD autoregulates AdpA (Wolański et al., 2011, Takano et al., 2003, 
Den Hengst et al., 2010). Changes in the cellular level of AdpA protein were noted as high 
at the time of initial aerial mycelium formation with less synthesis during the later stages of 
development (Wolański et al., 2011). adpA mutants exhibited low expression of genes 
enabling sporulation development in studies conducted through Microarray analyses in a S. 
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coelicolor adpA deletion mutant stressing the importance of AdpA as a significant regulator 
of development (Xu et al., 2010). 
An orthologue to sgiA which is an AdpA-target gene in S. griseus, Sti1, is a protease inhibitor 
in S. coelicolor and is highly dependent on adpA (Kim et al., 2005, Xu et al., 2010), and the 
sti1 promoter is activated by the direct binding of AdpA (Wolański et al., 2011). In addition, 
ramR gene expression is strongly downregulated in an adpA mutant; AdpA binds to the ramR 
promoter and activates it (Wolański et al., 2011). Surface active SapB peptide and chaplins 
are important for the fibrous sheath formation on the aerial hyphae and ramCSAB are the 
genes responsible for their synthesis. This set of genes are directly controlled by the RamR 
regulator (Nguyen et al., 2002, O'Connor et al., 2002). Hence, AdpA plays a major role as a 
regulator during transcription of genes involved in morphological development in S. 
coelicolor (Claessen et al., 2003, Elliot et al., 2003). 
1.10.7 Key regulators during secondary metabolism 
Five different antibiotics such as two pigmented antibiotics (actinorhodin [ACT] and 
prodiginines [RED]), a polyketide yellow pigment antibiotic (“cryptic polyketide” [CPK]), 
a calcium-dependent ionophore antibiotic, and an unusual cyclopentanone antibiotic 
(methylenomycin [MM]) are produced by S. coelicolor. The model species. S. coelicolor 
A3(2) provided the first evidence that the genes for biosynthesis of any particular antibiotic 
are clustered on the chromosome (RUDD and HOPWOOD, 1980) or on plasmids (Kirby et 
al., 1975). Each antibiotic cluster also contains particular genes encoding specific 
transcription factors for the respective antibiotics; these are sometimes referred as Cluster 
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Situated Regulators [CSRs]. Twenty nine such clusters has been identified in S. coelicolor 
(Chater and Bruton, 1985).  
 Gene clusters and regulators for actinorhodin (ACT) production 
The act gene cluster, which includes 5 transcription units, controls actinorhodin (ACT) 
biosynthesis (a weak antibiotic and responsible for the pH-sensitive blue/red color) and is 
dependent on the ActII-ORF4 (Figure 1.12) . ActII-ORF4 is a member of Streptomyces 
antibiotic regulatory proteins (SARPs), also called cluster situated regulators (CSRs). The 
signal for the timing and level of ACT production is passed via cellular physiology through 
ActII-ORF4 transcription. This in turn influences either ActII-ORF4 transcription or 
translation or (perhaps) the properties of the protein itself. 
 
 
Figure 1.12: The regulatory pathway for the expression of biosynthetic genes for 
actinorhodin (ACT) in S. coelicolor (Van Wezel, 2011) 
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The promoter region of actII-ORF4 is a direct target for at least eight known regulatory 
proteins: AdpA (a pleiotropic regulator of antibiotic production and development) (Ohnishi 
et al., 2005), LexA (a global regulator of the DNA damage response) (Iqbal et al., 2012), 
AbsA2 (a global repressor of antibiotic synthesis) (Sheeler et al., 2005, Uguru et al., 2005),   
DasR (mediating the global response to N-acetylglucosamine) (Rigali et al., 2008), DraR and 
AfsQ1 (activators responding to nitrogen excess)(Wang et al., 2013, Yu et al., 2012), AtrA 
(a transcriptional activator, which also binds to targets associated with metabolism of acetyl  
coenzyme A [acetyl-CoA], an ACT precursor) (Uguru et al., 2005, Nothaft et al., 2010) and 
the xylose operon repressor ROK7B7 (Heo et al., 2008). In addition, there are indications of 
binding of the nitrogen regulator GlnR (Wang et al., 2013) and proteins encoded by 
SCO0310, SCO3932, and SCO5405 (Park et al., 2009). 
 Gene cluster and regulators for pyrrole based prodiginine biosynthesis 
The biosynthesis of the pyrrole-based prodiginines (REDs) is controlled by a minicascade of 
two CSRs, in which the expression of redD (RedD is the direct activator for the genes 
responsible for RED biosynthesis) is activated by RedZ. RedZ is an orphan response 
regulator which has two different aspects compared to the conventional response regulators 
making it unique. One; it does not have all the set of residues which are conserved for 
phosphorylation, two; the gene encoding the response regulator is not located near the 
cognate histidine protein kinase gene(White and Bibb, 1997). redZ and actII-ORF4: both are 
direct targets for repression by AbsA2~P (a mechanism where phosphorylation of AbsA2 
serves to reduce or shut off antibiotic synthesis would be  
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Figure 1.13: Organisation of the prodiginine biosynthetic gene cluster in S. coelicolor. 
 
[Genes deduced to be involved in 2-undecylpyrrole biosynthesis are blue, genes deduced to 
be involved in 4-methoxy-2,2′-bipyrrole-5-carboxaldehyde biosynthesis are red, putative 
housekeeping genes are green, regulatory genes are in orange and genes of unknown function 
are white. Black arrows illustrate the four mRNA molecules likely to be generated by 
transcription of the cluster. The regions of the cluster spanned by the cosmids SC2E9, SCF7 
and SC10A5 from the S. coelicolor are indicated in grey. (Ana M. Cerdeño, 2001)  
 
unusual: in most two component systems, response regulator phosphorylation leads to 
activation of target genes (Ohnishi et al., 2005, Nett et al., 2009, Desai et al., 2002, 
Fernandez-Moreno et al., 1991). Alternatively, antibiotic synthesis is negatively controlled 
by a regulator which in-turn is activated by AbsA2~P (Sheeler et al., 2005, Uguru et al., 
2005). 
 Gene cluster and regulators for coelimycin production 
Initially the production of coelimycin, a polyketide-derived antibiotic (“cryptic polyketide” 
[CPK]) and a (presumably related) yellow pigment (yCPK) and the detailed analysis of the 
cluster was limited by various experimental difficulties. Known data revealed significant 
difference in cpk cluster regulation from act cluster.  In 1990s, the DNA sequence of S. 
 38 
 
coelicolor genome which encodes partial β-ketoacyl synthase (KS) and acyl-transferase (AT) 
domain of a novel type I modular polyketide synthase (PKS) was amplified and reported by 
Kuczek and co-workers. The availability of complete S. coelicolor genome sequence by 2002 
has facilitated the deduction of the entire cpk gene cluster (Gomez-Escribano et al., 2012) 
(Figure 1.13)  
 
 
Figure 1.14: Organisation of the cryptic cpk polyketide biosynthetic gene cluster in S. 
coelicolor.  
 
[Genes encoding PKS components are shown in red, known/putative regulatory genes are in 
blue, genes hypothesized to be involved in precursor supply are in green, genes encoding 
proposed post-PKS tailoring enzymes are in pink, the black gene encodes a putative export 
protein, and the grey genes encode hypothetical proteins of unknown function. (Gomez-
Escribano et al., 2012) 
 
CPK synthesis involves a signalling molecule called a gamma-butyrolactone (GBL), SCB1, 
and /or its congeners (SCBs). scbA and scbR are the key SCB biosynthesis genes and are 
located in the cpk cluster. ScbR binds to operator sites in the bidirectional scbA/scbR 
promoter and in the promoter for cpkO, a CSR gene essential for CPK biosynthesis (Takano 
et al., 2005b). 
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 Gene cluster and regulators for methylenomycin production 
A large linear plasmid, SCP1 (which can remain autonomous or integrate into the 
chromosome) carries the mmy genes in S. coelicolor which determine methylenomycin 
(MM) production  (Kirby et al., 1975).  Synthesis of MM is controlled by small autoregulator 
molecules called furans (O'Rourke et al., 2009). Furthermore the regulation is complicated 
by the presence of genes for MmyR and MmfR (two ArpA-like proteins) directly adjacent 
to the mmy cluster which has three furan biosynthetic genes mmfL, mmfH, and mmfP.  
 
 
Figure 1.15: Features of the gene cluster for methylenomycin biosynthesis.  
[Source: Broad functional attributions are based on the results of Chater and Bruton (1985), 
and the orientation of the cluster in that publication is retained here, although it is the opposite 
of that given in the later SCP1 sequence, in which the individual genes were identified 
(Bentley et al., 2004).] 
In vitro studies are not available for elucidating the control mechanism of MmyR and MmfR 
in mmy cluster regulation, but as suggested by genetic evidence there are two targets which 
are repressed by the putative MmyR/MmfR complex. First target, to regulate MMF 
biosynthesis, by repressing the bidirectional promoter located inbetween mmfLHP-mmyR 
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operon and mmfR. Second target is the promoter of mmyB which is another regulatory protein  
among the mmy cluster for MM biosynthesis (O'Rourke et al., 2009). 
 Gene cluster and regulator for calcium-dependent antibiotic biosynthesis 
Calcium-dependent antibiotic biosynthesis (a lipopeptide).  requires a giant nonribosomal 
peptide synthetase.  Research shows that the SARP encoded by cdaR activates the cda 
biosynthetic genes (C.P. Smith, personal communication), although the cascade/mechanism 
has not been extensively studied.  
 
 
 
Figure 1.16: Organization of the CDA biosynthetic gene cluster 
[aGenes encoding for non-ribosomal peptide synthetases (NRPS), bamino acid precursors or 
amino acid tailoring enzyme biosynthesis genes, cepoxy hexanoyl fatty acid chain 
biosynthesis genes, d putative resistant genes, fgenes which display little or no similarity 
between known genes or functions, however have no role in CDA biosynthesis, regulation 
or resistance] 
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Several other regulatory genes are found associated with the cda cluster which includes the   
absA1/absA2 genes. These encode a TCS in which AbsA1 is a membrane-located sensor 
histidine protein kinase (Anderson et al., 2001), the target of which is AbsA2, a response 
regulator whose phosphorylation increases its binding efficiency to, and repression of, the 
promoter of cdaR (Sheeler et al., 2005, Uguru et al., 2005, Shu et al., 2009). Phosphorylated 
AbsA2 (AbsA2~P) can also repress the pathway-specific regulatiory gene actII-ORF4 and 
demands more investigation in its role in the cross talk between pathways. In contrast, AfsQ1 
(the two-component system AfsQ1/Q2 of S. coelicolor identified in previous work as a 
pleiotropic regulator for antibiotic biosynthesis) directly activates the cdaR promoter and 
thus CDA biosynthesis (Wang et al., 2013). 
1.11 Transcriptional regulation of gene expression in MTBC complex 
The M. tuberculosis genome  (Cole et al., 1998, Fleischmann et al., 2002)  encodes a number 
of  transcriptional regulators which include: 13 σ factors, two-component systems, 11 in total 
with 5 unpaired RR (response regulators) and 11 protein kinases (Av-Gay and Everett, 2000), 
and greater than 140 putative transcriptional regulators (Bishai, 1998).  Only some of these 
regulators have been studied in detail but within them are examples of regulators involved 
in control of gene expression in response to  cold shock, heat shock (Shires and Steyn, 2001, 
Manganelli et al., 1999, Stewart et al., 2002), hypoxia (Dasgupta et al., 2000, Sherman, 
2001), iron starvation (Rodriguez and Smith, 2003), surface stress (Manganelli et al., 1999) 
and  oxidative stress (Manganelli et al., 2002, Raman et al., 2001). Other studied regulators 
respond to still unknown environmental conditions (Ewann et al., 2002, Pérez et al., 2001, 
 42 
 
Zahrt and Deretic, 2001). Thus the regulatory systems in M. tuberculosis is intricately 
designed and is arguably similarly complex as that in Streptomyces.  
1.11.1 The sigma factors of the Mycobacterium tuberculosis (MTBC) complex 
The 13 σ factors of M. tuberculosis belong to the σ70 class (Cole et al., 1998).  The essential 
houskeeping  σ70 mycobacterial sigma factor is encoded by sigA. Increased levels of sigA 
expression was also noticed during phagocytosis in some clinical strains in response to 
superoxide stress thereby enhancing the intracellular growth. This suggests the role of sigA 
in virulence modulation of M. tuberculosis in addition to its primary sigma factor role 
(Gomez et al., 1998). 
SigB, a second σ70,  is found in all Mycobacterium  but the precise physiological role of sigB 
is unclear although it is involved in adaptation to stationary phase and carbon starvation 
(Manganelli et al., 1999, Betts et al., 2002). The rest of the sigma factors in M. tuberculosis 
belong to the extra cytoplasmic factors (ECF) family of sigma factors (Bentley et al., 2002, 
Cole et al., 1998, Magnusson et al., 2005). SigD has been suggested to be a part of the 
stringent response. Rel in M. tuberculosis, a regulon required for M. tuberculosis virulence, 
is responsible for the production of  hyperphosphorylated guanidine (p)pGpp production 
(Dahl et al., 2003).  
SigE is activated in response to different stress conditions such as cell surface stress mediated 
again by SDS detergent or vancomycin, (Manganelli et al., 1999), diamide oxidative stress 
(Raman et al., 2001, Manganelli et al., 2002) and heat shock (Graham and Clark-Curtiss, 
1999) in addition to a role in growth of M. tuberculosis in human macrophages. 
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SigH is induced after heat shock (Manganelli et al., 1999, Raman et al., 2001), during 
macrophage infection (Graham and Clark-Curtiss, 1999) and also after exposure to the  thiol 
specific oxidizing agent diamide (Manganelli et al., 2002, Raman et al., 2001). During the 
stationary phase of growth (Hu and Coates, 2001) and infection inside macrophages, sigJ is 
induced (Volpe et al., 2006). sigK controls the production of two antigenic proteins namely 
MPB70 and MPB83 in M. tuberculosis (Charlet et al., 2005). sigL is involved in the 
regulation of cell envelope processes including, fatty acid transport. For sigM, sigG and sigI 
there is practically no information available in the literature, although sigG was reported to 
be upregulated during the infection of human macrophages (Volpe et al., 2006). 
1.11.2 Mycobacterial two component regulators 
M. tuberculosis also encodes a number of two-component signal transduction systems (TCS) 
which include 11 paired two-component regulatory systems (Table 1.1), two unlinked, 
orphan histidine kinase genes, and six unlinked, orphan response regulator genes 15) 
(Marszalek et al., 2014, Cole et al., 2001).  
Table 1.1: Complete two-component systems of M. tuberculosis (Bretl et al., 2011) 
 
TCS HR/RR Regulation or Effect of inactivation Reference 
SenX3/RegX3 Regulation of phosphate dependent 
gene expression 
(Himpens et al., 2000) 
U/U/TcrA Unknown (Haydel and Clark-
Curtiss, 2004)  
PhoP/PhoR Implication in regulating production of 
complex cell wall lipids 
(Ludwiczak et al., 2002) 
NarL/NarS Unknown (Parish et al., 2003) 
PrrB/PrrA Role in early intracellular 
multiplication in macrophage infection  
(Ewann et al., 2002) 
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MprA/MprB Regulation of different genes engages 
in physiology and pathogenesis 
(Zahrt et al., 2003) 
KdpE/KdpD Involvement of virulence (Parish et al., 2003) 
TrcS/TrcR Unknown (Haydel et al., 1999) 
DosS-DosT/DosR Involvement in hypoxic adaptation (Saini et al., 2009) 
MtrB/MtrA Proliferation in macrophages; 
esssential for M. tuberculosis viability 
(Zahrt and Deretic, 2000) 
TcrY/TcrX Involvement in virulence (Parish et al., 2003) 
 
Out of the 11 full TCS,  there are five well studied systems namely MtrA/MtrB (Malhotra et 
al., 2004, Sherman, 2001), TrcR/TrcS (Zhang, 1996), SenX3/RegX3 (Grebe and Stock, 
1999), DosR/DosS (Rv3133c/Rv3132c) (Sturgill-Koszycki et al., 1994), and PhoP/PhoR 
which are partially characterized (Rodriguez and Smith, 2003, Bretl et al., 2011, Zhou et al., 
2012). 
 MtrA/MtrB regulatory system 
MtrA/MtrB is expressed during bacterial growth inside macrophages and was identified to 
be a transcriptional regulator/activator during infection of phagocytic cells (Moker et al., 
2004). The system regulates the transcription of resuscitation promoting factors (Rpfs) of M. 
tuberculosis which are hydrolytic enzymes  required for resuscitation of dormant M. 
tuberculosis (Sharma et al., 2015). 
 DosR/DosS regulatory system 
Another well noted TCS is DosS/DosR in which the DosS heme containing sensor undergoes 
autophosphorylation and transfers the phosphate group to DosR in conditions of hypoxia or 
in response to nitric oxide (NO). DosR is a DNA binding protein which facilitates the entry 
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of M. tuberculosis and other Mycobacteria into the dormant/latent state. Approximately fifty 
dormancy-linked genes are initiated by the binding of phosphorylated DosR to DNA 
(Leistikow et al., 2010). The dormancy response mediated by DosR is also controlled by 
DosT, a second sensor closely related to DosS, which is activated  by binding of NO or 
carbon monoxide  acting as a gas sensor (Sivaramakrishnan and Ortiz de Montellano, 2013, 
Marszalek et al., 2014).  
 SenX3/RegX3 regulatory system 
In M. tuberculosis, the SenX3-RegX3 was the first two component system identified by 
degenerate PCR (Wren et al., 1992). Although the two genes are believed to be co-
transcribed  they are seperated by mycobacterial interspersed repeat unit, shortly called as 
MIRU. Evidences suggest that the SenX3-RegX3 system is auto-regulated with the help of 
RegX3 by binding to its own promoter (Himpens et al., 2000). Neverthless, there is little 
information regarding the identity of the genes controlled by this system or its function, 
except the study conducted by (Parish et al., 2003) which demonstrated the role of SenX3-
SegX3 in M. tuberculosis during macrophage infection and the SenX3-RegX3 mutants were 
growth defective. 
 PhoPR regulatory system 
Growth attenuation occurs in macrophages in low Mg2+ media when disruption occurs in 
another significant TCS called PhoPR. Addition of excess Mg2+ during infection can partially 
recover growth. Studies in global translation analyses and related assays demonstrate PhoP 
as a positive transcriptional regulator of many genes involved in cell wall biogenesis. Gene 
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clusters including pks2 and msl3, coding for enzymes needed for the biosynthesis of 
sulphatides, diacyltrehalose and polyacyltrehalose were positively regulated by PhoP. 
Complementary biochemical studies indicate that these complex lipids are also absent from 
the phoP mutant, and the lack of these components in its cell envelope may indirectly cause 
the mutant's high-Mg2+ growth requirement (Walters et al., 2006). 
 
 TrcS/TrcR regulatory system 
The TrcS histidine kinase and TrcR response regulator are parts of the TrcRS TCS in M. 
tuberculosis in which TrcR is involved in transcriptional autoactivation and is the cognate 
response regulator gene of the sensor/histidine protein kinase gene, trcS. There is not much 
known about the signficance or the functionality of this two component system although it 
appears to regulate several hypothetical genes during infection (Haydel et al., 1999, 
Marszalek et al., 2014, Hu et al., 2006).  
1.12 Transcriptional gene regulation during stress  
1.12.1 Protease and chaperone machines in bacteria 
Transcriptional and translational regulation is essential for cell function under “normal” 
conditions but importantly also in stress environments. Survival of both S. coelicolor and M. 
tuberculosis complex (MTBC) during unfavourable conditions requires efficient protease 
and chaperone machineries. Extensive research has been done to understand the stress 
management at the transcriptional level in S. coelicolor and M. tuberculosis. As in other 
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bacteria, they respond to physico-chemical stresses by synthesizing two broad classes of 
proteins: molecular chaperones and ATP-dependent proteases. Proteases together with their 
associated chaperones carry out an essential homeostatic role in all living cells and have vital 
functions in controlling the abundance of specific cellular proteins involved in processes 
such as transcription, replication, metabolism and virulence (Figure 1.17). Molecular 
chaperones facilitate protein folding by transiently  
 
Figure 1.17: General illustration of chaperone and protease system in bacteria 
 
“holding” the partially unfolded or mis-folded polypeptide and thus preventing the formation 
of insoluble protein aggregates, and at the same time promoting proper folding, while 
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proteases degrade protein aggregates as soon as they are formed. This efficient system to 
suppress and reverse protein aggregation was first discovered in eggs of Xenopus laevis 
(Laskey et al., 1978) and in yeast  (Parsell et al., 1994, Glover and Lindquist, 1998) and then 
in E. coli (Mogk et al., 1999, Zolkiewski, 1999) and in T. thermophillus (Motohashi et al., 
1999).  Major molecular chaperones in bacteria include the DnaK machine (DnaK, DnaJ and 
GrpE) and the GroE machine (GroES, GroEL) (Wickner et al., 1999) while the protease class 
includes ClpP, Lon, Hs1UV and FtsH (Zhang et al., 2003). Each of these enzymes has an 
ATPase domain and a proteolytic domain encoded either on a single polypeptide or on two 
separate polypeptides. 
1.12.2 Heat shock response 
Many of the gene regulation studies have focussed on exploiting the heat shock system as 
the model to provide insights about fundamentals of cell biology (Korostelev, 2011). The 
heat shock response is an unique adaptive pathway utilized by bacteria to survive at the time 
of environmental stress (Stewart and Young, 2004). The response mostly involves changes 
in the global transcription with highly elevated expression of conserved heat shock proteins 
which includes chaperones and proteases. 
1.12.3 Heat shock proteins 
Heat shock proteins are universal and are well conserved in all micro-organisms. These are 
molecular chaperones involved in protein refolding and removal of protein aggregates 
(Lanneau et al., 2010, Tyedmers et al., 2010, Schneider et al., 1996, Narberhaus, 1999). 
Based on their molecular masses and related functions these chaperones are further divided 
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into five major families, such as Hsp100, Hsp90, Hsp70, Hsp60 and small heat shock protein 
(sHsps) (Richter et al., 2001, Richter et al., 2004, Richter et al., 2010) based on their related 
functions and sizes. The different families are discussed below. 
 Hsp100  
Hsp100 family of heat shock proteins help in delivering aggregated proteins to the proteolytic 
chamber of the associated protease (commonly termed as caseinolytic protease/energy 
dependent protease, Clp or Ti). Hsp100 family encompases ATPases and ATP dependent 
chaperones to carry out this cellular activity of removing wrongly folded proteins and in 
clearance of short lived proteins (Gottesman et al., 1997a, Gottesman et al., 1997b).  ClpA, 
ClpB, ClpC, ClpE, ClpX, and ClpY are the members of the Hsp100 family (Kirstein et al., 
2009). One or two copies of the ATPase, AAA+ core domain is found in Hsp100 proteins. 
There are two subclasses of this Hsp100 protein family, Class I including ClpA-E and L, 
which contains two ATPase domains and Class II members including ClpX and ClpY along 
with one ATPase domain (Lindquist and Craig, 1988, Schirmer et al., 1996). A hexameric 
structure is formed by the Clp proteins with one and two nucleotide binding sites in Class I 
and Class II Hsp100 family respectively. Once the structure is formed they associate with a 
protease called ClpP or ClpQ to assemble a ring or barrel like structure also termed an 
oligomeric enzyme containing a cavity inside the centre. This cavity is the proteolytic 
chamber where translocation and subsequently degradation of partially or wrongly folded 
proteins occurs (Schirmer et al., 1996, Gottesman, 2003).  
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 Hsp90 
The Hsp90 family of heat shock proteins play a major role during stress and are often found 
in the cytosol of most of the bacteria (Welch and Feramisco, 1982). The function of this 
chaperone greatly varies from the other heat shock protein family members as it binds to 
native proteins to prevent denaturing rather than binding the misfolded proteins and 
degrading them along with the help of ATP (Jakob et al., 1995, Pearl and Prodromou, 2006).  
 Hsp70 
The Hsp70 family, known as DnaK in bacteria, consists of highly conserved chaperones. 
Hsp70 chaperones alongside their co-chaperones, such as DnaJ in bacteria, prevent the 
aggregation of proteins with the help of ATP under stressful physiological conditions, are 
also capable of refolding the aggregated protein(Kiang and Tsokos, 1998). The protein 
refolding is done in two ways by Hsp70 chaperones, one, by transferring the unfolded 
proteins or the newly synthesized proteins to the Hsp60 family of chaperonins, which leads 
to the protein refolding (in bacteria), two, by transporting the protein to different 
compartments (mitochondria and cytosol) of the cell to facilitate their proper folding (Shi 
and Thomas, 1992, Kiang and Tsokos, 1998).  
  Hsp60/GroEL machinery 
The Hsp60 chaperonins are also called as GroEL machinery, which is considered as one of 
the prominent molecular chaperone involved in the formation of ring shaped multimers to 
aid in ATP dependent protein folding in bacteria (Horwich et al., 2006). The chaperone 
consist of two cylindrical heptameric rings with 14 GroEL subunits, which is attached to 
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another heptameric ring called GroES (Horwich et al., 2006). The proteins are encapsulated 
into the heptameric ring and once the GroEL internalizes the protein of full length after the 
ATP hydrolysis cycle, the proteins are refolded to its native state (Viitanen et al., 1992).  
 Small Hsps 
Small Hsps (sHsps) are considered as one of the least well conserved heat shock proteins in 
bacteria. They have a prominent α-crystallin domain and they form a large 24 subunit 
oligomeric structure to interact with target proteins which are mostly partially folded or 
misfolded under physiological stress conditions (Horwitz, 2003, Haslbeck et al., 2005). 
sHsps are known for their preventive role against oxidative and heat stress (Arrigo, 1998). 
1.12.4 Heat shock response in Streptomyces coelicolor 
Physio-chemical and physiological stresses and sudden alterations in environment during 
heat shock are effectively handled by Streptomyces using diverse adaptive strategies. They 
induce the expression of heat shock responsive genes like all other living organisms during 
heat stress such as hsp70 (dnaK) and hsp60 (groEL) gene families which are conserved and 
well characterized (Bukau et al., 2006, Genevaux et al., 2007). There are four regulatory 
systems which are govern gene expression regulation during heat shock and are well 
described in Streptomyces. These are the HrcA/CIRCE regulator for groEL1/ES operon and 
groEL2 (Duchene et al., 1994); RheA, a negative regulator for hsp18 transcription in S. 
coelicolor (Servant et al., 2000); PopR  which regulates two of the five clpP paralogues 
(Viala et al., 2000); and an autoregulatory repressor protein called HspR (Bucca et al., 1995) 
which controls dnaK operon (dnaK-grpE-dnaJ-hspR)(Bucca et al., 1997, Grandvalet et al., 
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1997) and the clpB gene in S. albus (Grandvalet et al., 1999). Among the four regulatory 
systems HspR and RheA are the dominant negative regulators of Streptomyces (Grandvalet 
et al., 1997, Bucca et al., 1995, Bucca et al., 1997). In most gram positive bacteria including 
Streptomyces, negative transcriptional regulators control the heat shock stimulon unlike the 
alternative sigma factors such as σ32 and σ24 (Narberhaus, 1999, Yura et al., 1993, Alba and 
Gross, 2004, Servant and Mazodier, 2001) which positively control the heat shock stimulon 
in E. coli.   
1.12.5 Heat shock response in Mycobacterium tuberculosis 
Like Streptomyces, in mycobacteria heat shock stress induces changes in gene expression 
and production of heat shock proteins. Many of the Hsps are found to be induced during 
other stressful conditions apart from heat shock (Stewart et al., 2002). However, studies 
related to proteomic and transcriptomic analysis of gene expression during heat shock in 
particular showed increase in expression of Hsps such as the 16 kDa α-crystallin (HspX), 
GroEL1/GroEL2  and the DnaK chaperone  and co-chaperones (Schnappinger et al., 2003, 
Rosen and Ron, 2002, Stewart et al., 2002). Like Streptomyces, mycobacetria also use both 
negative and positive regulation to control Hsps expression. The major negative regulators 
are HspR and HrcA and positive regulators are alternate sigma factors such as σB, σH and σE. 
It is of particular note that deletion of HspR in M. tuberculosis has an impact on the 
organism’s virulence as the mutants lacked the ability to cause chronic infection compared 
to the wild type, although such strains were found to be fully virulent during the initial 
infection stage (Stewart et al., 2001, Stewart et al., 2002, Patel et al., 1991, Fernandes et al., 
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1999, Manganelli et al., 1999, Manganelli et al., 2001, Raman et al., 2001). The heat shock 
response in both S. coelicolor and M. bovis (BCG) has been illustrated in Figure 1.18. 
 
Figure 1.18: Regulation of heat shock response in S. coelicolor and M. bovis (BCG) 
1.13 Translational regulation of gene expression in bacteria  
To date there is relatively little research on translational, compared to transcriptional, 
regulation of gene expression in bacteria, particlularly at the genome-wide level (Vogel and 
Marcotte, 2012). There are some recent studies which reveal the role of small regulatory 
RNAs (sRNAs), 5-UTR, riboswitches, antisense transcripts and tmRNA in translation gene 
regulation (Picard et al., 2012).  
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1.13.1 RNA Thermometers (5-UTR regions of mRNAs) and riboswitches 
To co-ordinate temperature dependant gene expression, bacteria use complex strategies. One 
such strategy is the use of RNA thermometers (RNATs), which are temperature-sensing 
sequences, to control genes encoding virulence factors and heat shock proteins and well 
explained in E. coli. For these genes during low temperature the ribosome accessibility is 
limited/blocked by folding of the 5’ untranslated region of the mRNA into a structure which 
restricts the ribosome attachment to the sequence. When the temperature is gradually 
increased the open and closed conformation equilibrium shifts towards the open structure in 
a zipper like manner, to increase the translation initiation efficiency.  
 
Figure 1.19: RNA thermometers and Riboswitches 
 
A. A zipper-like RNA thermometer (RNAT) is in equilibrium between closed and open 
conformations. It gradually melts as the temperature increases, and adopts the structured 
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conformation when returned to lower temperatures. B. By contrast, the switch mode consists 
of two mutually exclusive structures that depend on the ambient temperature. (Kortmann and 
Narberhaus, 2012) 
Apart from RNA thermometers there are complex folded domains formed in the non-coding 
regions of various mRNAs called riboswitches which serve as specific metabolite receptors. 
These control gene expression by causing an allosteric structural change in the mRNA as a 
result of metaboilite binding (Mandal and Breaker, 2004, Kortmann and Narberhaus, 2012).  
1.13.2 sRNAs and antisense RNA/transcripts 
In the past ten years, there has been an explosion in the identification of sRNAs encoded on 
bacterial chromosomes especially in Chlamydia, Listeria, Legionella, or Salmonella. 
Although some of these regulatory RNAs act by binding to and modulating protein activity, 
the majority of characterized sRNAs act by base pairing with target mRNAs. These base-
pairing sRNAs fall into two categories: trans-encoded and cis-encoded.  
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Figure 1.20: Simplified model of action of trans-encoded and cis-encoded RNAs.   
[A1) trans-encoded sRNAs interact with their target RNA through imperfect base-pairing 
and hence promote RNase degradation of the double-stranded RNA molecules. Alternatively 
the sRNAs might affect the target translation positively (A2) and negatively (A3) by 
releasing or masking the ribosome-binding site, respectively. Conversely the cis-encoded 
sRNAs bind through full sequence complementarity the mRNA target, affecting translation, 
and end in the degradation of the sRNA–target RNA complex (B1). A small cis-encoded 
RNA, antisense between two genes, can lead to mRNA cleavage (B2) or the transcriptional 
termination through a putative loop formation and consequently the cessation of the RNA 
polymerase activity (B3) (Arnvig and Young, 2012)] 
 
The trans-encoded sRNAs are encoded at genomic locations distinct from the mRNAs they 
regulate and thus generally only share limited complementarity with their targets. Due in part 
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to the ability to act via limited complementarity, many of these trans-encoded sRNAs have 
multiple mRNA targets. In a number of bacteria, this type of base pairing requires the RNA 
chaperone protein Hfq. Thus far, the trans-encoded sRNAs are the most extensively 
characterized sRNAs and are discussed in a number of recent reviews (Biketov et al., 2007, 
Wu et al., 1987). In general, there has been less focus on cis-encoded sRNAs. These RNAs 
- called antisense RNAs - are transcribed from the complementary DNA strand of the 
transcribed strand of a gene and thus have perfect complementarity to this target. An 
increasing numbers of bacterial cis-encoded RNAs of various sizes are being reported 
(Arnvig and Young, 2012). 
1.13.3 tmRNA and the trans-translation regulation system 
In M. tuberculosis, quality control pathways that eliminate aberrant proteins and mRNAs 
converge on a remarkable reaction, known as trans-translation, in which a translational 
complex is diverted to a specialized RNA that ultimately promotes the degradation of the 
nascent polypeptide and the mRNA and releases the ribosomal subunits. Bacteria also 
intentionally target some translational complexes for trans-translation as part of regulatory 
circuits. Reflecting the multiple roles of trans-translation in physiology and gene regulation, 
mutants with defects in trans-translation have a variety of phenotypes in different species.  
The key molecule in trans-translation is transfer-messenger RNA (tmRNA), an RNA with 
properties of both tRNA and mRNA. tmRNA when bound to SmpB, is efficiently charged 
with alanine by alanyl-tRNA synthetase (Barends et al., 2000, Nameki et al., 1999, Ushida 
et al., 1994). SmpB (small protein B) is required for all activities of tmRNA. The two known 
 58 
 
functions of SmpB are binding tmRNA and promoting stable association of the 
SmpB·tmRNA complex with 70S ribosomes. 
 
Figure 1.21: trans-translation mechanism to remove stalled ribosomal complex  
 
[When a ribosome is stalled on an mRNA, to help releasing the truncated mRNA from the 
ribosomal subunits, tmRNA along with SmpB and EF-Tu (prokaryotic elongation factor 
thermo unstable) binds to the ribosomal subunits and acts like a tRNA. Translation of 
tmRNA ORF takes place and termination occurs. The polypeptide chain is tagged for 
degradation and the ribosomal subunits are rescued. Adapted from:(Dulebohn et al., 2007)] 
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Along with tmRNA-SmpB complex, the prokaryotic factor EF-Tu (Elongation factor 
unstable)(Herman et al., 1998) helps the aminoacyl-tRNA move onto a free site on 
the ribosome. The complex then enters translational complexes stalled at the end of an 
mRNA and accepts the nascent polypeptide in the same manner as does tRNA. tmRNA then 
promotes the translation of a peptide tag encoded within tmRNA onto the C terminus of the 
nascent polypeptide (Keiler et al., 1996). The peptide tag contains recognition determinants 
for many intracellular proteases, targeting the tagged protein for rapid degradation (Figure 
1.18) (Choy et al., 2007, Gottesman et al., 1998, Herman et al., 1998). tmRNA and other 
molecules required for trans-translation are found throughout the bacterial kingdom, and 
trans-translation is required for viability, virulence, development, and response to stresses, 
including heat shock, in many bacterial systems. The ubiquity and abundance of tmRNA, as 
well as the phenotypes of mutants deficient in trans-translation, suggest that trans-translation 
confers a significant selective advantage to bacteria (Dulebohn et al., 2007, Moore and Sauer, 
2007)  
1.14 Significance of translational regulation in microbial stress responses  
The microbial cell response to environmental stress is complex. Multi-stage regulation at 
transcriptional and post-transcriptional levels contributes to reprogramming protein 
synthesis. Stress responses have been extensively studied at the transcript level, for example 
the transcriptional effects that occur in heat shock (discussed above). Transcriptome changes 
in response to stress generally involve increased expression of stress-defence genes and 
reduced expression of those encoding ribosomal proteins and all other growth-related 
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systems (Lee et al., 2011, Dressaire et al., 2011). mRNA  abundance analysis by microarray 
or RNA seq has provided much of the information on gene expression regulation (Ingolia et 
al., 2009). As cells respond to stress, the proteome also changes (Lee et al., 2011, Dressaire 
et al., 2011, Roy et al., 2008) but most proteomics studies in micro-organisms have reported 
poor correlation between transcriptome and proteome responses (Dressaire et al., 2010, Nie 
et al., 2006, Lu et al., 2007, de Sousa Abreu et al., 2009, Maier et al., 2009, MacKay et al., 
2004). One explanation for this is that there is a translational response that contributes to 
adaptation to stress. 
 
Few genome wide studies have been conducted in bacteria to study translation regulation, 
for example, in the study conducted in yeast, a decreased rate of translation and polysome 
size during stress than under normal conditions was demonstrated (Kuhn et al., 2001, 
Halbeisen and Gerber, 2009, Melamed et al., 2008). This was considered as the stress 
response with modulated translational efficiency in which the ribosomes were recruited to 
encode mRNA to synthesize proteins which are functionally essential during stress. For most 
of the genes co-directional changes have been observed during transcription and translation 
along with antagonistic regulation (Lackner et al., 2012, Warringer et al., 2010, Halbeisen 
and Gerber, 2009, MacKay et al., 2004). Therefore, as such there are no good studies about 
translatome analysis and their relative contribution to gene expression regulation during 
stress in bacteria.  
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1.15 Polysome profiling as an indicator of gene translation 
Direct analyses of translation would provide a more accurate and complete measure of gene 
expression in the cell than the picture that is presented by analysing mRNA levels alone. 
These measurements would reveal post-transcriptional gene expression programmes and 
permit the dissection of underlying regulatory mechanisms (Ingolia, 2014). Proteomics is 
one way, but an alternative is to examine the abundance of mRNA transcripts associated with 
the translation machinery. This is called polysome profiling; originally, ribosome associated 
transcripts were identified using DNA microarrays (Halbeisen et al., 2009) but more recently 
transcript detection is by RNA-seq.  The more recent development, ‘Ribosome Profiling’ has 
emerged as a technique that takes advantage of the remarkable recent advances in sequencing 
technology to provide global measurements of translation.  It produces a “global snapshot” 
of all the ribosomes active in a cell at a particular moment. Consequently, this enables 
researchers to identify the location of translation start sites, their distribution, and the speed 
of the translating ribosomes (Weiss and Atkins, 2011). Polysome profiling involves similar 
sequencing library preparation and data analysis to conventional RNA-Seq, but unlike RNA-
Seq, which sequences all of the mRNA of a given sequence present in a sample, polysome 
profiling targets only mRNA sequences protected by the ribosome during the process of 
decoding by translation (Arava et al., 2003, Jackson and Standart, 2015). 
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1.16 Aims and Objectives 
1.16.1 Hypothesis 
Gene expression of Streptomyces and Mycobacteria during heat shock is controlled at both 
the transcriptional and translational level. 
1.16.2 Aim 
 To quantify and analyse the transcriptome and translatome in M. bovis BCG and S. 
coelicolor during heat shock. 
1.16.3 Objectives 
 To culture M. bovis BCG and S. coelicolor and perform heat shock 
 Purify ribosome fractions from cells by sucrose gradient centrifugation 
 Extract mRNA from the monosome and polysome samples and total RNA from cell 
pellets  
 To undertake microarray/sequencing analysis to identify the actively translated 
mRNAs associated with monosome/polysome fractions 
 Compare the transcriptome and translatome data and deduce the extent of 
translational control of genes during heat shock. 
 To compare and contrast the respective transcriptional and translational responses of 
the two species and to relate them more broadly to heat shock responses in other 
organisms (including yeast). 
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Materials and Methods 
2.1 Bacterial strains used in this study 
Table 2.1: Bacterial strains used in this study 
Strain Description & Genotype Reference 
M. bovis BCG 
BCG Pasteur strain 1173 P2 (University 
of Surrey culture collection) 
(Brosch et al., 
2007)  
Streptomyces coelicolor 
MT1110 
Prototrophic, SLP1-, SLP2- 
(Frazer C personal 
communication) 
Escherichia coli DHα 
F- phi80lacZ (lacZYA-argF) U169 deoR 
recA1 endA1 hsdR17 (rk-, m k+) phoA 
supE44 λ-thi-1 gyrA96 relA1/F’ 
proAB+ lacIqZdeltaM15 Tn10(tetr) 
(Woodcock et al., 
1989)  
 
2.2 Micro-organisms and Growth 
2.2.1 Growth of Mycobacterium bovis (BCG) strain   
M. bovis (BCG) was grown in Middlebrook 7H9 Broth (Difco) enriched with 10% albumin 
dextrose catalase additive (Becton Dickinson) and 0.05 % Tween 80 (Sigma Chemical Co.) 
in tissue culture bottles for 8 d at 37°C in static state. The logarithmic-phase growth was 
enriched with 10 % glycerol and stored at -800 C. The viability of the suspension was checked 
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24 h after freezing by plating on Middlebrook 7H11 agar (Difcok and incubation at 37°C for 
21 days in sealed plastic bags, at which time colony forming units (CFU) were counted. 
2.2.2 Growth of Streptomyces coelicolor 
Growth in liquid media was carried out in Erlenmeyer flasks containing a coil of steel springs 
which was necessary to facilitate disperse growth of the mycelium. Flasks were 4-5 times 
the volume of the liquid culture to ensure sufficient aeration. Inoculated liquid media was 
incubated at 30°C in a shaking incubator at ca 150-200 rpm. A variety of media was used for 
growth, Mannitol Soya (MS) solid media for growing lawns of spores, YEME, 2YT and 
SMMS (Appendix A.5).  
2.2.3 Streptomyces coelicolor Spore Suspension Preparation  
Spore suspensions of S. coelicolor wild type strain MT1110 were made according to (Keiser 
et al 2000). 10 mL of sterile water was added to a plate of well sporulated mycelium. A metal 
loop was heat sterilised and used to scrape the surface of the mycelium to dislodge the spores 
into the sterile plate. The spore suspension was transferred to a spore filter tube which 
consisted of two differently sized test tubes, one within the other and held in place by a collar 
of cotton wool. The smaller tube possessed a hole which was plugged by 1 cm depth of cotton 
wool, and the entire assembly was sterilised by autoclaving.  The spore suspension was 
transferred into the smaller tube and filtered through the cotton wool plug by attaching a 
syringe and applying pressure. The filtered spore suspension was collected and centrifuged 
for 10 min at 3000 g at room temperature. The supernatant was discarded and the spore pellet 
re-suspended in 200 µL to 1000 µL of sterile 20 % glycerol solution and stored at -200 C. A 
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viable count of the spore suspension was carried out by plating a dilution series on MS plates 
and counting the colonies grown. The spore count is expressed in CFU/mL and a dense spore 
suspension should have a count of ca 108-109 CFU/mL. 
2.3 Polysome profiling 
A reliable measure for translation of a cellular mRNA is the degree of its association with 
ribosomes. Because the rate of initiation usually limits translation, most translational 
responses will alter the ribosome density on a given mRNA. During polysome profiling, 
actively translated mRNAs bound by several ribosomes (Polysomes) can be separated from 
the “free” RNA, the small (30s) and the large (50s) ribosomal subunits and the 70s 
monosomes by sucrose density gradient centrifugation (Figure 2.1). After isolation of RNA 
from fractions of the gradient, the distribution of specific mRNAs in the gradient can be 
monitored by northern blot or reverse transcription quantitative polymerase chain reaction 
(q PCR) or at a global level using microarrays or more recently with RNA-seq (King and 
Gerber, 2014) This chapter provides a basic overview of the ribosome profile analysis 
technique, RNA isolation procedure from sucrose gradients and further downstream 
applications.  
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Figure 2.1: Schematic representation of the experimental set up for preparing the cell 
extracts from normal and heat shocked samples of S. coelicolor and M. bovis (BCG). 
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Figure 2.2: Overview of polysome profiling and the downstream processes involved in 
this study.  
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Cultures were grown until log/exponential phase with an OD of 1.0 and cell extracts (See 
sections 2.2.1 and 2.2.2) were prepared for normal (for M. bovis BCG 37°C and S. coelicolor 
30°C) and heat shocked (M. bovis (BCG) 45°C and S. coelicolor 37°C) samples. Prepared cell 
extracts were loaded on top of the sucrose gradient and spun at 38000 rpm/2 h/4° C. 
Monosome and polysome fractions were separately collected using the ISCO Gradient 
analyser. RNA was extracted from the fractions and using high throughput technologies like 
Micro array and RNA-Seq samples were analysed to identify the profiles of RNA associated 
with ribosome fractions.  
2.3.1 Sucrose density gradient preparation for polysome profiling in Mycobacterium 
bovis (BCG) and Streptomyces coelicolor 
10 %, 20 %, 30 %, 40 % and 50 % sucrose  solutions were prepared in the following buffer:  
20 mM Tris-HCL pH 8, 140 mM KCl mM, 5 mM MgCl2,  0.5 mM DTT , 0.1 mg/mL 
chloramphenicol, 0.5 mg/mL heparin (all solutions were filter sterilized) (Appendix A.10). 
Sucrose gradients were prepared in 2 ways: initially for the gradient preparation 2.2 mL of 
each sucrose solution was under laid starting with the 50% at the bottom of the polyallomer 
tubes to make an 11 mL gradient using sterile filter pipettes. The solutions were laid very 
carefully and care was taken not to introduce any air bubbles. As this method could result in 
mixing up of layers an alternate and easier way of gradient preparation was used in later 
experiments which consists in freezing each layer starting with 50 % sucrose solution. The 
gradients were stored O/N at 4° C to equilibrate.  
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2.4 Polysome profiling for Mycobacterium bovis (BCG) 
2.4.1 Cell extract preparation  
M. bovis (BCG) was grown in 100 mL of Middlebrook 7H9 broth (Difco) enriched with 10% 
ADC additive (Becton Dickinson) and 0.05 % Tween 80 (Sigma Chemical Co.) in tissue 
culture bottles at 37°C  up to OD600 0.7-1.0 corresponding to the late log phase. The cultures 
were divided in 50 ml tubes so that half of them could be heat shocked at 45°C for 20 min in 
a shaking incubator and the remainder incubated at 37°C as control. For total RNA extraction 
an aliquot of 10 mL of culture was transferred to a fresh tube containing 20 mL of RNA 
Protect Bacteria Reagent (Qiagen) to stop transcription and inhibit RNases. The samples 
were incubated at room temperature for 10 min and centrifuged at 4000 rpm for 10 min; the 
supernatants was discarded and the cell pellets was stored at -20°C.  
 
For polysome profiling, the cultures were chloramphenicol treated at a final concentration of 
80 µg/mL in order to stop translation and incubated for 1 min at 37°C. After this step the 
bacterial cultures were centrifuged at 6000 rpm for 4 min at 4° C. The cell pellets was re-
suspended in 1 mL of fresh lysis buffer and centrifuged at 6000 rpm for 4 min at 40 C. The 
cell suspension was loaded into the lysing matrix tubes with 0.1 mm glass beads (Lysing 
matrix BIO 101 MP). The cells were lysed using the Fast prep machine (Thermo savant 
FP120) for 4 X15 sec at 6.5 speed and centrifuged at 4700 rpm for 5 min at 4° C. The 
supernatant was again centrifuged at 9500 rpm for 5 min at 4° C. It was noted that the 
supernatant had a white precipitate on the top. To get rid of the white precipitate, the 
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suspension was again centrifuged for 60 min at 30000 rpm, treated with 20 U/mL of DNAse 
for 20 min and then filtered again using 0.2 mm filter. The filtered cell extracts were stored 
at -80°C. 
2.4.2 Ultracentrifugation and ribosome fraction collection 
The cleared lysates obtained as described in section 2.4.1 were loaded onto the sucrose 
gradients and centrifuged at 38000 rpm /120 min /4° C in a Beckman SW41 rotor. After 
centrifugation fractions corresponding to monosomes and polysomes were collected using 
the ISCO collection system (Teledyne Foxy R1 Brandel Presearch RESEARCH) which was 
attached to UV/VIS Detector (UA-6) and to the sample injector (KD Scientific). Collected 
fractions were immediately frozen using liquid nitrogen and stored at -800 C. 
2.5 Polysome profiling in Streptomyces coelicolor (Liquid media) 
2.5.1 Streptomyces cell extracts preparation  
Cells were grown to 0.4-0.6 OD450 in YEME medium at 30
°C. Extracts were made from 500 
mL of culture spilt to 6 gradients. The experiments were carried out using the wild type strain 
of S. coelicolor at the normal temperature of 30°C as well as heat shocked at 42°°C for 20 
min. At the desired growth stage for total RNA extraction, 10 mL of culture was taken and 
transferred in 20 mL of RNA Protect, incubated at room temperature for 10 min and 
centrifuged at 4000 rpm 10 min so that the pellet could be stored at -20° C prior to RNA 
extraction. For Ribo-seq, chloramphenicol was added at a final concentration 80 µg/mL to 
stop translation and cultures were incubated for 1 min at 30°C.  Cultures were centrifuged at 
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6000 rpm for 4 min at 4° C; the cells were suspended twice in 2.5 mL of fresh lysis buffer 
(Section A.9.16) and spun at 6000 rpm for 4 min at 4° C. Cells were again re-suspended in 
lysis buffer with 2/3 volume of glass beads (diameter 3-5mm). These were subjected to 
mechanical cell homogenization by mixing in a vortex four times for 20 sec, cooling the 
tubes on ice for 1 min in between the mixing. The cells were again centrifuged at 4700 rpm 
for 5 min at 4° C and the 500 µL supernatant was transferred to a 1.6 mL tube.  The final 
volume was made up to 1 mL and stored at -80° C. 
2.5.2 Ultracentrifugation and Ribosome Fraction Collection 
0.8 mL of the sample was loaded on the top of the gradients which were carefully balanced 
and centrifuged at 38000 rpm /120 min /4° C in a Beckman  SW41 rotor. Subsequent steps 
were followed as described in section 2.4.2 
2.6 Polysome profiling of Streptomyces coelicolor (Solid media) SMMS 
2.6.1 Pregermination of spores 
20 mL of 2YT was inoculated with a dense spore suspension (about 2.8 X 109, around 20 
µL of the concentrated stock for each flask of SMMS (50 mL) to be used). The spring coil 
fitted flasks were incubated at 30°C for 8 h in a shaking incubator at 150-200 rpm. The germ 
tubes were pelleted down in a universal tube at 3000 rpm for 5 min in a swing-out rotor. The 
supernatant was discarded and the pellet was re-suspended in 10 mL sterile water. The 
suspension was mixed by vortexing and the aggregated germ tubes were broken up in an 
ultrasonic water bath for 10 min.  The OD 450 of 1 ml aliquot was determined and the amount 
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of germ tubes corresponding to 4 X 106 germ per tube was plated (this corresponds roughly 
to 0.1 OD 450). All the plates were overlaid with sterile cellophane discs prepared in advance. 
This step was necessary to avoid the growth of mycelium into the agar. The inoculated plates 
were incubated at 30°C up to the desired growth stage.  
2.6.2 SMMS plate inoculation and Streptomyces coelicolor growth curve 
Sterile SMMS plates were inoculated as described in 2.7.3. Millipore filters of size 0.45 µm 
were dried in a microwave oven for 10 min. These filters were placed in petri dishes (3 
replicates for each time point measurement of the growth curve) and their weights were 
recorded. At each time point of the growth curve, the mycelium from three plates was scraped 
and placed on the desiccated millipore filters previously weighed.  Biomass measurement of 
S. coelicolor were determined after subtraction of the Millipore filter weight.  
2.6.3 Cell extract preparation 
Inoculated SMMS plates described in 2.7.3 were incubated at 30°C up to the desired growth 
stages. Growth curve was monitored as described in 2.7.3. At the growth stage corresponding 
to rapid growth 2 a number of inoculated SMMS plates were removed from the incubator. 
The mycelium growing on the surface of cellophane discs was transferred to 3 MM paper 
soaked in SMM and equilibrated at 42°C in order to heat shock the cells. The mycelia were 
also transferred to 3 MM paper soaked in SMM and equilibrated at 30°C. After 15 min heat 
shock the mycelium was quickly harvested from the 42°C heat shock cultures first and the 
30°C control culture later. Harvested mycelium was treated differently for total RNA 
extraction and polysome profiling. For total RNA extraction the mycelium was immersed in 
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10 ml of RNA Protect Bacteria Reagent (Qiagen), mixed by vortexing, incubated at room 
temperature for 5 min, and centrifuged at 4000 rpm and the cell pellets were stored at -80° 
C. For polysome profiling, harvested mycelia were suspended in 5 mL of chloramphenicol 
solution (final concentration 80 µg/mL), mixed by vortexing and centrifuged. 3 mL of lysis 
buffer was added to the cell pellet and centrifuged at 6000 rpm for 4 min at 4° C. The cells 
were disrupted in lysis buffer by bead beating (4X), mixed by vortexing for 20 sec cooling 
down on ice for 2 min in between mixing. The suspension was centrifuged at 4700 rpm for 
5 min at 4° C and supernatant was transferred to a fresh tube and centrifuged at 9500 rpm 5 
min 4° C. The extract was then stored at -80° C. 0.8 mL of cell extract was later loaded on 
each sucrose gradient. The fractions were collected as described in sections 2.4.2 and 2.5.2 
and then subjected to RNA extraction carried out from pooled fractions corresponding to 
monosome and polysome respectively. 
2.6.4 Monosome and polysome fraction collection using an ISCO Gradient analyser  
ISCO gradient analyser (Teledyne Foxy R1 Brandel) was used to collect the monosome and 
polysome fractions from the cell extracts once they were subjected to density gradient 
centrifugation. After the centrifuge tube had been placed into the tube holder, the scanning 
process was started through an ISCO UA-6 absorbance detector optical unit. Once the free 
RNA has been discarded the fractions were collected. The collected fractions (normally 10-
12) were frozen in liquid nitrogen and stored at -80° C. 
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2.7 RNA extraction from ribosome fractions 
2.7.1 Glassware sterilisation and avoiding ribonuclease contamination 
 All glass wares were rinsed and autoclaved at 180° C 
 Gloves were always worn during an experiment and were changed often, especially 
after contact with skin, hair or other potentially RNase-contaminated surfaces such 
as doorknobs and keyboards. 
 RNase-free solutions were used. Used RNase-free certified, disposable plasticware 
and filter tips whenever possible. 
 RNA work was carried out in separate area. Carefully cleaned the surfaces using 
RNAseZap (Life Technologies) 
2.7.2 mRNA extraction from sucrose gradients fractions using the RNeasy plus kit 
(Qiagen Cat. No 74034) 
200 µL of each fraction was taken and 700 µL of RLT buffer (prepared by adding 100 µL of 
β-mercaptoethanol with 10 mL of RLT buffer) was added to it. The solution was loaded on 
to a gDNA column (700 µL at a time) and spun at 10000 rpm for 1 min. The process was 
repeated until all the volume had gone through the column.  The flow through was transferred 
to a 15 mL tube. The content was then loaded onto the RNeasy mini column and spun for 
10000 rpm for 1 min. The process was repeated until all the volume had passed through. 
Then the columns were washed with RWI (700 µL) buffer, RPE Buffer (2 X 500 µL) and 
centrifuged for 1 min at 10000 rpm. The solution in the collection tube was discarded and 
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the columns were transferred into fresh microfuge tubes and the RNA was eluted using 2 X 
30 µL of RNAse free water. 
2.7.3 mRNA extraction from sucrose gradients fractions using a modified mirVana 
method (mirVana kit, Life Technologies Cat No AM1560) 
500 µL of each fraction was taken and transferred to 15 mL corning tubes. 1.5 mL of RLT 
buffer was added to the fraction and mixed by vortexing. Then 1.25 volumes (V) of 100 % 
ethanol was added. The RNA was bound to the filter by repeated passages of 700 µL through 
the filter cartridge and centrifugation for 15 sec for 10000 rpm. The filters were washed with 
700 µL of mirVana wash solution I and centrifuged for 5 to 10 sec and washed twice again 
with 500 µL of wash solution 2/3. Then RNA was eluted from the filters using 100 µL of 
nuclease free water heated at 95° C. 
2.7.4 RNA purification using the Mega clearTM kit (Life Technologies Cat No AM1908) 
The MEGAclear™ Kit is normally used to remove nucleotides, short oligonucleotides, 
proteins, and salts from in vitro synthesized RNA. In our protocol RNA was purified after 
DNase I digestion prior to RNAseq. RNA samples in a total volume of 100 µL were mixed 
thoroughly with 300 µL of binding solution concentrate and 250 µL of 100 % elution 
solution. Samples were then applied to the filters, centrifuged and then washed twice with 
500 µL of wash solution by centrifugation for 15 sec to 1 min at 10000 rpm. Flow through 
was discarded and the RNA was eluted using 50 µL of elution solution preheated to 95° C by 
centrifugation for 1 min at RT at 10000-15000 rpm. To maximize the RNA recovery, the 
elution procedure was repeated with a second preheated 50 µL aliquot of elution solution. 
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The eluate was collected in the same collection/elution tube and assessed further for RNA 
yield, quality and quantity.  
2.7.5 RNA purification through RNA clean and concentrator kit (ZYMO Research Cat. 
No R1015). 
We used RNA clean and concentrator kit TM-5 (ZYMO Research cat. R1015). It is a simple 
and reliable method for the rapid preparation of up to 10 µg of high-quality RNA.  This 
simple procedure is based on the use of a unique single-buffer system and Clean-Spin column 
technology that allows for selective recovery of total RNA (> 17 nt). Before starting the 
procedure 48 mL of 100 % ethanol was added to the given 12 mL RNA wash buffer 
concentrate and mixed well. All centrifugation steps were performed at 10000 – 16000 rpm. 
RNA species ≥17 nt were recovered.  Two V of RNA Binding Buffer was added to each 
sample and mixed well. An equal volume of ethanol (95-100 %) was added and mixed well. 
Samples were transferred to the Zymo-Spin™ IC Column in a Collection Tube and 
centrifuged for 30 sec and the flow-through was discarded. 400 µL of RNA Prep Buffer was 
added to the column and centrifuged for 30 sec and the flow-through was discarded. 700 µL 
of RNA wash Buffer was added to the column and centrifuged for 30 sec and the flow-
through was discarded.  400 µL of RNA wash Buffer was added to the column and 
centrifuged for two min to ensure complete removal of the wash buffer. The column was 
then transferred carefully into an RNase free tube. 15-30 µL DNase/RNase-Free Water was 
added directly to the column matrix and centrifuged for 30 sec. The eluted RNA was 
immediately stored at -80°C. 
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2.7.6 Total RNA extraction using the Fast prep blue kit (MP Medicals 116025050) 
To the cell pellets from 10 mL cell cultures 1 mL of RNAproTM solution was added and the 
cells were completely re-suspended by pipetting or mixing by vortex. Re-suspended cells 
were transferred to a blue cap tube containing lysing matrix B provided in the kit (MP 
medicals Cat. No 116911050). Samples were processed in the Fast prep machine (Thermo 
savant FP120) for 40 sec at a speed of 6.0 X 1. Tubes were then centrifuged at a maximum 
of 12000 rpm for 5 min at 4° C or RT. The supernatant was carefully transferred to an RNase 
free micro-centrifuge tube leaving the debris pellet and lysing matrix. Tubes were incubated 
for 5 min at RT to increase the RNA yield. 300 µL of chloroform was added and mixed by 
vortex for 10 sec. To increase RNA purity and to permit nucleoprotein dissociation, samples 
were incubated for 5 min at RT once again. Samples were then centrifuged at a minimum of 
12000 rpm for 5 min at 4° C. The upper phase was transferred to a new centrifuge tube 
without disturbing the interphase. 500 µL of cold absolute RNase free ethanol was added to 
the samples, which were then inverted 5 X and stored at -20° C for 30 min. After this step, 
the tubes were centrifuged for 15 min at 12000 rpm at 40 C. The supernatant was discarded 
and the pellet was washed with 500 µL of cold 75 % ethanol. The RNA pellet was air dried 
for 15-20 min at RT, re-suspended in 100 µL of RNase free water and stored at -80° C. 
2.7.7 Total RNA extraction using the Trizol method 
The bacterial pellets were suspended in 1.2 mL Trizol and lysed in the Fast prep machine 
(see section 2.4.1) for 45 sec at 6.5 speed. After incubation for 5 min at RT, 240 µL of 
chloroform was added; the sample was mixed by vortexing, left for 2 min at RT and 
centrifuged for 10 min at 12000 rpm at 8°C. The upper aqueous phase was re-extracted with 
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chloroform (equal volume). To the aqueous phase 0.6 mL of ice cold isopropanol was added 
and the sample was shaken vigorously. The RNAs were precipitated at RT for 15 min and 
the RNA pellet was recovered after centrifugation at 12000 rpm for 10 min at 8°C. The pellet 
was washed with 75 % ethanol and air dried. The RNA was suspended in 45 µL of water. 
The RNA samples were DNase treated by adding 5 µL of DNase and incubated for 20 min 
at 37°C. The samples were phenol chloroform extracted as described in section 2.7.8 and the 
upper aqueous phase was stored at -80° C. The RNA was further purified using the method 
described in sections 2.7.4.or 2.7.5 
2.7.8 Phenol chloroform extraction of RNA 
An equal volume of phenol chloroform was added to an aqueous solution, mixed vigorously 
and centrifuged to separate the phases: the lower organic phase and the upper aqueous phase. 
To 1 V of sample, 1 V of phenol chloroform was added and mixed by vortex for 1 min. 
Samples were centrifuged for 2 min at 40 C and 13000 rpm. The upper aqueous phase was 
transferred to a fresh tube and 1 V of chloroform was added. The sample was mixed by 
vortexing for 1 min and centrifuged again for 2 min at 4° C for 13000 rpm. The upper aqueous 
phase was transferred to a new tube and 0.1 V of 3 M sodium acetate (pH 5.2) and 2.5 V of 
100 % ethanol was added. The solution was mixed well and incubated at -80°C for 20 -30 
min. The content was centrifuged as before for 10 min. The supernatant was carefully 
removed and the pellet was washed with 1 mL of 75 % ethanol. The pellet was air dried and 
re-suspended in nuclease free water. RNA samples were then stored at -80° C. 
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2.7.9 Lithium chloride (LiCl) precipitation of RNA 
A final concentration of 2.5 M LiCl is effective in precipitation of RNA larger than 300 nt, 
without the addition of ethanol. This method of precipitation selectively precipitates RNA 
and does not efficiently precipitate DNA, protein or carbohydrates. As little as 50 ng of RNA 
can be quantitatively recovered by centrifugation at 13000 rpm for 20 min at 40 C. To 500 
µL of each fraction, 1.5-2 µL of glycogen/glycol blue was added and to that an equal volume 
of 100 % ethanol was added and incubated O/N at -20° C. Addition of glycol blue/glycogen 
as a carrier/co precipitant aids in quantitative recovery and clear visibility of the pellet. 1-2 
µL of 10 mg/mL glycogen solution is adequate for 500 µL of RNA solution. The samples 
were centrifuged at 13000 rpm for 20 min at 4° C. The pellets were washed with 85 % ethanol 
and centrifuged again at 13000 rpm for 10 min at 40 C. The RNA was re-precipitated at -80° 
C for 30 min using 1/10 of the V of 3 M sodium acetate and 2.5 V of 100 % ice cold ethanol.  
After precipitation the samples were centrifuged at 13000 rpm and the pellets were washed 
with 85% ethanol and centrifuged as before. The pellets were then air dried and re-suspended 
again in 650 µL of double distilled water. 1 V of buffered phenol chloroform was added, 
centrifuged and the aqueous phase was transferred to a new tube. The samples were 
precipitated with LiCl (2.5 M) by adding 312.15 µL of LiCl and incubated O/N at -20° C. 
Again the samples were taken for 75 % ethanol wash, air dried and re-suspended in 155 µL 
of water. The LiCl precipitation and ethanol wash was again repeated. The samples were 
then air dried and dissolved in 40 µL of water. 
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2.7.10 Sodium acetate and ethanol precipitation of RNA 
Effective RNA precipitation with the use of monovalent salts like sodium acetate, LiCl, 
ammonium acetate or potassium acetate is dependent on its concentration. Specifically, 
precipitation of RNA at a concentration of ≤ 50 ng/mL is usually not quantitative and the 
pellet is not clearly visible leading to unreliable recovery.  Therefore, when the concentration 
of RNA in the samples are lower than 50 ng/mL a glycol blue is added as carrier to aid the 
precipitation and the recovery of the RNA pellet. The procedure consists of the following 
steps: to the RNA samples 2 µL of glycol blue and 1/10 V of sodium acetate (3 M, pH 5.2) 
was added and mixed thoroughly using a vortex mixer. 2.5 V of 100 % ethanol was added to 
the samples, the solution was mixed well and placed at -80° C for 20-30 min or O/N at -20°C. 
The content was centrifuged for 30 min at 4° C and 13000 rpm. Supernatant was carefully 
removed and the pellet was washed with 1 mL of 75 % ethanol. The pellet was air dried and 
re-suspended in nuclease free water. RNA samples were then stored at -80° C. 
2.7.11  Total RNA extraction from Streptomyces coelicolor 
The method used is a modification of the method described in 
http://www.surrey.ac.uk/fhms/microarrays/Downloads/Protocols/index.htm total RNA 
isolation by tissue lyser. The modifications have been applied to allow the extraction of all 
RNA species >200 bases.  10 µL of β-mercaptoethanol was added per 1 mL of RLT buffer 
prior to use and 4 V of 100 % RNase free ethanol was added to RPE buffer before usage, to 
obtain the working solution. The cell pellet was loosened by flicking the bottom of the tube 
and was suspended in 200 µL of lysozyme containing TE buffer by inverting the tube few 
times. The suspension was incubated at RT for 15 min.  Complete digestion of the bacterial 
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cell wall was ensured by mixing the sample well. Then 600 µL of RPE buffer was added to 
the samples and the samples was mixed vigorously by vortexing. The mixture was 
transferred to a sterile RNase free 2 mL micro centrifuge tube with a single stainless steel 
bead. The tube was placed in the tissue lyser and shaken for 2 min, rotated 180° and continued 
for another 2 min. The samples were centrifuged for 2 min after lysing and the supernatant 
was transferred to a fresh tube. One V of phenol/chloroform was added, vortexed for 30 sec 
and centrifuged for 5 min at full speed at 4° C. The phenol/chloroform extraction was 
repeated and to the upper aqueous phase 1 V of chloroform was added, vortexed well and 
centrifuged for 2 min at 13000 rpm. After spinning, the aqueous phase was passed through a 
gDNA eliminator column and centrifuged at 10000 rpm for 30 sec. The column was 
discarded and the lysate was transferred to a new tube. From this step onward the 
modification of the protocol was introduced so that RNA was purified using mirVana kit 
columns instead of RNeasy kit columns. 
The lysate was further purified using the mirVana kit protocol. 500 µL of each fraction was 
taken and transferred to 15 mL Corning tubes. 1.5 mL of RLT Buffer was added to the sample 
and mixed by vortexing. Then 1.25 V of 100 % ethanol and the RNA was bound to the filter 
by repeated passages of 700 µL through the filter cartridge and centrifugation for 15 sec at 
10000 rpm. The filters were washed with 700 µL of mirVana wash solution I and centrifuged 
for 5 to 10 sec and washed twice again with 500 µL of wash solution 2/3. Then RNA was 
eluted from the filters using 100 µL of nuclease free water heated at 95° C. The methods for 
total RNA extraction described above were used in combinations with extraction of RNA 
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from monosome/polysome fractions collected using the ISCO gradient analyser before 
subjecting the samples for microarray analysis or RNA-seq. 
2.8 RNA quality control  
There are three quality control steps which can be performed on isolated RNA. One is to 
determine the quantity of RNA that has been isolated, the second is to check the purity of 
RNA and the third is the integrity of the RNA. 
2.8.1 Quantification of RNA using NanoDrop™ 2000/2000c measurement 
Traditionally, spectrophotometer is used to measure the UV absorption to quantify nucleic 
acids. Absorbance is measured in the range of 260 and 280 nm in its simplest form. The 
concentration of nucleic acid can be identified using the Beer-Lambert law that projects a 
linear change in absorbance with concentration. RNA concentration in a solution can be 
determined by an A260 reading of 1.0, equivalent to nearly 40 µg/mL of RNA and at 260 nm 
of OD. RNA has its absorption maximum at 260 nm and the ratio of the absorbance at 260 
and 280 nm is used to assess the RNA purity of an RNA preparation. Pure RNA has an 
A260/A280 of 2.1. If the ratio is varying much towards the minimum, it indicates the presence 
of protein, phenol or other contaminants that absorb strongly at or near 280 nm. Ideally, 
scanning spectrophotometry should be utilised as this makes it possible to also identify 
expected sources of contamination. One of the problems using conventional 
spectrophotometers is that the cuvettes are large and so difficult to measure lower 
concentrations of RNA without dissipating an unusual size of the sometimes precious and 
valuable RNA sample. The NanoDrop® ND-2000/2000c UV-Vis Spectrophotometer 
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enables analyses of extremely small samples with remarkable reproducibility with high 
accuracy rates. The sample retention system avoids the necessity of capillaries and cuvettes, 
which reduces the volume of sample required for the measurement. 
2.8.2 Quantification of RNA using Qubit® RNA HS Assay Kit  
 
 
                                                                                                 
Figure 2.3: The Qubit quantitation assay workflow.  
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The Qubit® RNA HS Assay Kit (Life Technologies Catalogue nos.Q32852), when used with 
the Qubit ® Fluorometer, provides an accurate and selective method for the quantitation of 
low-abundance RNA samples. The assay is highly selective for RNA and will not quantitate 
DNA, protein, or free nucleotides. Common contaminants, such as salts, free nucleotides, 
solvents, detergents, or protein, are well-tolerated in the assay. The assay kit is designed to 
be accurate for RNA sample concentrations between 250 pg/µL and 100 ng/µL.  
 
The kit provides concentrated assay reagent, dilution buffer, and pre-diluted RNA standards. 
Required number of 0.5-mL (thin walled, clear, 0.5-mL PCR tubes were used) tubes were 
set up for standards and samples. The Qubit® RNA High Sensitivity Assay requires 2 
standards. The Qubit® working solution was prepared by diluting the Qubit® RNA HS 
Reagent 1:200 in Qubit® RNA HS Buffer. Each standard tube required 190 μL of Qubit® 
working solution, and each sample tube required anywhere from 180–199 μL of working 
solution. 10 μL of each Qubit ® standard was added to the appropriate tube, then mixed by 
vortexing 2–3 sec. Care was taken not to create bubbles. Sample volume can be anywhere 
from 1–20 μL. Therefore a corresponding volume of Qubit ® working solution was added 
to each assay tube: anywhere from 180–199 μL. Each sample was added to the assay tubes 
containing the correct volume of Qubit® working solution, then mixed by vortexing 2–3 sec 
so that the final volume in each tube was 200 μL. Tubes were allowed to incubate at room 
temperature for 2 min and then quantified using the Qubit fluorimeter.  
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2.8.3 Assessment of RNA using an Agilent Bioanalyser  
The Agilent 2100 Bioanalyser uses a lab on a chip approach to perform capillary 
electrophoresis and uses a fluorescent dye that binds to RNA to determine both RNA 
concentration and integrity. An RNA 6000 ladder standard is run on every chip used as a 
reference for data analysis. The RNA 6000 ladder contains six RNA fragments ranging in 
size from 0.2 to 6 kb (0.2 kb, 0.5 kb, 1.0 kb, 2.0 kb, 4.0 kb, and 6.0 kb) at a total concentration 
of 150 ng/µl and was prepared as manufacturer’s guidelines.To prepare the gel 550 μL of 
RNA gel matrix was pipetted into a spin filter and centrifuged at 1500 g ± 20 % for 10 min 
at room temperature. Filtered gel was stored at 40° C in 65 µL aliquots in 0.5 mL RNase-free 
micro-centrifuge tubes and used within 4 weeks of time.The gel dye mix was prepared as per 
manufacturer’s guidelines, but briefly 1 μL of dye was added to a 65 μL of filtered gel.  
 
Vortexed and centrifuged at 13000 rpm for 10 min at RT. The prepared gel- dye mix was 
used within one day. An RNA chip was loaded on the chip priming station and 9 μL of gel- 
dye mix was pipetted in the well-marked G. The plunger was positioned at 1 mL and then 
the chip priming station was closed.The plunger was pushed down until it was held by the 
clip and then released the clip after 30 sec. After 5 sec the plunger was pulled back to the 1 
mL position. The chip priming station was opened and 9 μL of gel- dye mix was pipetted to 
samples in the wells. 5 μL of RNA marker was loaded in all 12 sample wells and in the well-
marked as ladder. Pipetted 1 μL of prepared ladder in well-marked ladder. Dispensed 1 μL 
of sample in each of the 12 sample wells. In each unused sample well pipetted 1 μL of RNA 
Marker. The chip was was vortexed for 1 min at 2400 rpm and run within 5 min. Charged 
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biomolecules like DNA or RNA are electrophoretically driven by the voltage gradient, 
similar to slab gel electrophoresis. Dye molecules intercalate into RNA strands and these 
complexes are detected by laser-induced fluorescence. The software automatically compares 
the unknown samples to the ladder fragments to determine the concentration of the unknown 
samples and to identify the ribosomal RNA peaks. 
2.9 Streptomyces coelicolor microarray hybridization  
2.9.1 cDNA synthesis and labelling 
For the cDNA synthesis, 10 µg of total RNA sample, 3 µg (1.7 µL) of random primer, 2.2 
µL of RNase free water and the volume was made upto 16.9 µL with water. The sample was 
quickly vortexed, centrifuged and incubated at 70° C for 10 min; snap cooled on ice, 
centrifuged quickly and then 11.1 µL master mix for reverse transcription using Superscript 
II or III (Life Technologies) was added.  Master Mix contains 6 µL of 5 X First strand buffer, 
3 µL of 100 mM DTT, 0.6 µl of dNTP’s (5 mM each dA/G/TTP, 2 mM dCTP) and 1.5 µL 
of Cy3-dCTP or 2.5 µL of Cy5-dCTP (Perkin Elmer). 2 µL of superscript II or III was added 
and incubated at 25° C for 10 min. The samples were incubated at 42°C for 4 h in the dark 
for the polymerisation to occur. Once polymerisation occurred the RNA has to be denatured. 
To each RNA labelling reaction 10 µL of 1 N NaOH was added, the sample was quickly 
centrifuged and incubated at 70° C for 10 min.  10 µL of 1N HCl was added to neutralize the 
sample. The labelled cDNA was purified through the Mini elute PCR purification kit 
(Qiagen). 5 V of PB buffer was added to the sample, the samples were centrifuged for 1 min 
at 13000 rpm, the flow through was discarded and 250 µL of PE buffer was added to wash 
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and the samples were centrifuged for 2 min at 13000 rpm. The columns with the bound 
labelled cDNA were then transferred to fresh Eppendorf tubes and 15 µL of EB was added. 
The samples were centrifuged for 1 min at 10000 rpm and the elution was repeated with a 
further 15 µL of EB. The labelled cDNA was quantified and the incorporation of Cy3 dCTP 
into cDNA (in pmol of Cy3-dCTP/ul) was determined using a Nanodrop ND 2000 
spectrophotometer 
2.9.2 Genomic DNA labelling 
For each reaction, 2-3 µg of genomic DNA extracted from S. coelicolor wild type strain 
M146 and 1 µL of random primers (Life Technologies) was added to a 1.5 mL tube and the 
final volume was made up with water to 41.1 µL. The samples were incubated at 95° C for 5 
min, snap cooled on ice and briefly centrifuged. To this was added 5 µL of Klenow reaction 
buffer (10X), 1 µL of dNTPs (5 mM each dA/G/TTP, 2 mM dCTP), 1.5 µL Cy3-dCTP or 
Cy5 dCTP, 1 µL of Klenow fragment DNA polymerase (5 U/µL) and then the reaction was 
incubated at 37°C for 90 min to O/N in the dark. The labelled genomic DNA was purified 
from un-incorporated nucleotides and reaction buffer using Mini elute PCR purification kit 
(Qiagen).  Briefly, 750 µL of PB was added to the fluorescently labelled genomic DNA and 
centrifuged for 1 min. The sample was loaded to a mini elute column tube, centrifuged for a 
minute at 13000 rpm, the flow through was discarded and 500 µL of PE buffer was added 
and again the columns were centrifuged for 1 min at 13000 rpm. 250 µL of PE was added 
and the columns were spun for 2 min at 13000 rpm. The columns were then transferred to 
fresh Eppendorf tubes and the gDNA was eluted twice with 15 µL of EB.  
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2.9.3 Streptomyces microarrays hybridization  
Two types of Streptomyces high density IJISS arrays were used: 4 X 44K whole genome 
Streptomyces DNA microarrays (Bucca et al., 2009) and 2 X 105K whole genome 
Streptomyces DNA microarrays (Lewis et al., 2010). To set up the 4X44K arrays the 
recommendations described in  
http://www.surrey.ac.uk/fhms/microarrays/Downloads/Protocols/Strep_hyb_protocol_1005
.pdf were followed. Firstly the Cy3 + Cy5 –labelled cDNA corresponding to the sample and 
the reference were pooled in a total volume of 47.4 µL. To the cDNA, 11 µL of blocking 
agent (Agilent OCGH, catalogue) and 58.6 µL of 2X High RPM hybridisation buffer 
(Agilent catalogue) was added. The 2X105 arrays were set up in a similar way with the 
exception of different volume used:  Cy3 + Cy5 (104 µL), 26µL of blocking agent, 130 µL 
of 2X High RPM hybridisation buffer (Agilent Part Number 5190-0403). The hybridization 
mixtures were denatured at 95° C for 3 min and backings were placed in hybridisation 
chambers with the markings facing upwards. The hybridisation samples were immediately 
centrifuged and the solution was pipetted onto the array backing. The slide with the printed 
side facing down was then lowered onto the backing and the sandwich was secured into the 
chamber. The arrays were hybridized in an Agilent oven with rotisserie for 40 h at 650 C at 
20 rpm  
2.9.4 Washing the arrays 
The sandwich of slide and backing was disassembled while immersed in wash solution I 
(Agilent oligo aCGH 5188-5220). The slides were placed in a metal rack container immersed 
in a glass container filled with solution 1 and the solution was mixed for 5 min at RT with a 
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magnetic stirrer. The slides were then quickly transferred to a second glass container filled 
with pre-warmed wash solution 2 and washed for 1 min at RT. Following this step, one more 
wash with acetonitrile for 30 sec and one wash in Agilent stabilization and drying solution 
were carried out. The arrays were scanned with an Agilent microarray scanner. Image 
acquisition and analysis were carried out using the Agilent Feature Extraction software 
(version 10.7.1.1). 
2.9.5 Agilent feature extraction program 
Once the scanning of the arrays placed in agilent scanner was finished, an agilent microarray 
file was generated by the scanner. The file was then loaded into project. Project can be created 
by the user to contain extraction sets. The extraction sets includes aglilent or non agilent 
image files, a grid template or a grid file used to locate spots and a protocol to specify the 
values for the data analysis parameters. The grid template is assigned by the project based 
on a protocol. Once the extraction was over project produces a project summary report and 
a QC report for each image generated for the arrays. 
2.9.6 Image analysis to compute statistics of the spots in feature extraction 
Before the extraction, one can examine the spots on the microarrays virtually and compute 
statistics about the image, using the histogram and line plots provided in the program. It is 
also possible to position grids on the template to find the spots on the microarray and 
calculate the spot centroids and sizes. Feature extraction program is capable of handling high 
resolution images but to avoid using a large amount of memory to handle high resolution 
image, the program loads a low resolution image for preview. When the image is cropped 
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into one tenth of its size or less in the preview, the program loads the original high resolution 
image for the cropped image. Histogram and line plots are based on high resolution and not 
the preview one. 
2.9.7 Data analysis using feature extraction algorithm 
Once the image is created and the spots are located, feature extraction protocol uses the 
feature extraction algorithm contained in it to carry out data analysis. It flags features and 
background regions that are populated and non uniformity outliers. Also computes 
background bias and error and perform corrections for these as specified in the protocol 
settings. Image is usually two coloured (red and green). The algorithm performs dye 
normalisation fot the two colour image and for gene expression calculates a p value which is 
a confidence measure of gene differentiated expression. Also calculates log ratio of the dye 
normalised green and red channels and calculates final error and significance value. 
2.9.8 Preprocessing and normalization 
Starting with raw gene expression measurements, it is important to arrive at biologically 
meaningful expression datasets. Normalization and preprocessing is very important to 
achieve this. There are numerous reasons why data must be normalized, including unequal 
quantities of starting RNA, differences in labelling or detection efficiencies between the 
fluorescent dyes used and systematic biases in the measured expression levels. Conceptually, 
it is similar to adjusting expression levels measured by northern analysis or quantitative 
reverse transcription PCR (RT-PCR) relative to the expression of one or more reference 
genes whose levels are assumed to be constant between samples. 
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2.9.9 Choice of normalization methods 
There are two different types of normalization methods which are used for data analysis in 
this study: within array normalization (which is applied to each individual slide based on 
values of that slide) and across array normalization (this can scale the data such that the 
arrays will have similar distribution). There are different within-array normalisation 
strategies that are applied to microarrays such as global-median, block-median, lowess and 
print-tip lowess, each making subtly different assumptions of the data; the choice of 
normalisation strategy for your data is dependent on the hybridisations performed (RNA vs. 
RNA or RNA vs. a common reference).  
2.10 RNA Sequencing of Mycobacterium bovis (BCG) samples 
2.10.1 Purification of RNA with DNase treatement 
Among the fractions collected after sucrose gradient centrifugation, the first three fractions 
corresponded to monosomes and the remaining fractions accounted for polysomes. They 
were pooled separately and RNA was extracted using mirVana kit (Ambion AM1560) as 
explained in section 2.7.3 for RNA extraction. The samples were then purified through LiCl 
precipitation as explained in protocol 3 (Section 2.7.9) for RNA extraction. Purified samples 
were subjected to DNAse treatment using 1 µL of Turbo RNAse free DNAse and 1/10 V (5 
µL) of DNAse buffer. The samples were incubated for 30 min at 37°C. Once the incubation 
was over, phenol chloroform extraction was performed by adding 1 V of buffered phenol 
chloroform, vortexing the sample for 10-20 sec and centrifuged at 4° C for 5 min at 13000 
rpm. The aqueous phase was transferred to a new tube and was again precipitated using LiCl 
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(2.5 M).  Samples (monosomes and polysomes) were again treated with 1 µL of Turbo 
RNAse free DNAse and 1/10 V (5 µL) of DNAse buffer. The samples were incubated for 30 
min at 37°C. The phenol chloroform extraction was repeated again and the samples were 
finally purified using the mirVana Kit following the procedure for RNA purification 
2.10.2 Total RNA extraction from BCG 
BCG cultures were grown up to ca 0.7 OD600 as described in section 2.2.1. At the desired 
OD,  10 mL of bacterial culture was treated with 2 vol of RNA protect bacteria reagent and 
the treated cell pellets were stored at -20° C. Total RNA was extracted from the cell pellets 
by re-suspending in 1.2 mL of trizol ; cells were lysed using Fast Prep machine (Thermo 
savant FP120) for 45 sec at speed 6.5. After chloroform addition, the cells were vortexed for 
15 sec, incubated at RT for 2 min and centrifuged at 12000 rpm at 8°C for 10 min. The 
colourless upper aqueous phase was carefully removed and transferred to a fresh 1.5 mL tube 
and re-extracted with equal volume of chloroform in another tube. To that 0.6 mL of ice cold 
isopropanol was added and the mixture was mixed vigorously followed by 15 min incubation 
at RT to precipitate the RNA sample. The sample was then centrifuged at 8°C for 10 min at 
12000 rpm. The supernatant was carefully removed to leave the precipitated RNA. The pellet 
was washed with 1 mL of 75 % ethanol and centrifuged at 7500 rpm for 5 min. Once the 
centrifugation was over the ethanol was removed and the pellets were air dried. The pellet 
was then re-suspended in 45 µL of nuclease free water. The RNA samples were then purified 
through LiCl precipitation as explained in Section 2.7.9, for RNA extraction. Purified 
samples were subjected to DNAse treatment using 1 µL of Turbo RNAse free DNAse and 
1/10 V (5 µL) of DNAse buffer. The treated samples were incubated for 30 min at 37°C. 
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Once the incubation was over, phenol chloroform extraction was performed by adding 1 V 
of buffered phenol chloroform, vortexing the sample for 10-20 sec and centrifuged at 4° C 
for 5 min at 13000 rpm. The aqueous phase was transferred to a new tube and was again 
precipitated using LiCl (2.5 M).  The total RNA samples were again treated with 1 µL of 
Turbo RNAse free DNAse and 1/10 V of DNAse buffer. The treated samples were incubated 
for 30 min at 37°C. The phenol chloroform extraction was repeated again and the upper 
aqueous layer was transferred to a new tube and purified through mirVana kit (Life 
Technologies Cat No AM1560). 
2.10.3 Polymerase chain reaction (PCR) 
PCR was performed for all the purified RNA samples to check for any DNA contamination. 
To achieve this a master mix was prepared for 10 reactions using 50 µL of 10X buffer, 30 
µL of 2.5 mM MgSO4, 50 µL of dNTP mix, 10 µL of forward and reverse primer each, 10 
µL of KOD polymerase (Novagen, Merck Millipore 71086) and 320 µL of water and 2 µL 
of sample with a negative and positive control with water and BCG gDNA respectively.  
2.10.4 RNA Sequencing  
RNA samples that were free of DNA contamination (checked by using PCR as described 
above) were sent for RNA sequencing at MRC National Institute for Medical Research 
(NIMR), Core sequencing facility, London. Library preparations for RNA samples were 
carried out by Dr. Teresa Cortes at NIMR following the instructions for ScriptSeq™ v2 
RNA-Seq Library Preparation Kit (Cat. No SSV21106). Prior to library preparation the RNA 
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samples were depleted of rRNA using Ribo-ZeroTM Magnetic kit Catalogue number 
MRZB12424 from epicentre an Illumina company 
2.10.5 RNA seq data analysis 
 Quality control processing of RNA seq data (FASTQ files) 
Once the sequencing was finished the data becomes available for download as “fastq” text 
files, in which each short read takes up four lines. A sample of “fastq” text file is given in 
Figure 2.4. The first line starting with @ is a read identifier, the second is the DNA sequence, 
the third another identifier (same as line 1, but starting with a+) and the fourth is a Phred 
quality score symbol for each base in the read. The quality score is based on the ASCII 
character code used by computer keyboards (http://www.theasciicode.com.ar/)  
 
Figure 2.4: A sample FASTQ file  
[Source - https://www.biostat.wisc.edu/bmi776/lectures/rnaseq.pdf] 
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Illumina’s current sequencing pipeline (as of January 2012) uses an offset of 64, so that a @ 
(ASCII code 64) is 0 and h (ASCII code 104) is 40. Other pipelines used might have different 
offset values, accordingly the commands in the programs has to be changed. The quality 
score for each base ranges from -5 to 40 and is defined as QPhred = -10 log 10(p), where P is 
the estimated probability of a base call being wrong.  So a QPhred of 20 corresponds to a 99 
% probability of a correctly identified base. The illumina sequencing machine produces reads 
of a predefined length (currently 50 to 101 bases). As the mRNA was fragmented into small 
pieces before the adapters were ligated, it is possible that partial adapter sequences have been 
sequenced if any sequenced fragment was shorter than the read length. 
 
Before the data can be used for answering any biological questions, the poorly identified 
bases as well as any adapter sequences has been removed from the reads. To evaluate a data 
set it is essential to know the distribution of the quality scores and nucleotides in the reads. 
The FASTQ files are too large to overview manually, therefore the data has to be summarized 
and graphed by using command-line based software or web server applications. It is also 
useful to know the fraction of duplicate reads (identical repeats present more than once in 
the dataset), for which again command line tools can be used. There is still a debate over 
whether duplicate reads represent very common transcripts or if they are due to primer or 
PCR bias, but a large fraction of reads may be indicative of a poor cDNA library. In a typical 
read 30-50 % of duplicate reads can be identified. Once the raw data has been cleaned up, 
by removing all bases with Phred quality scores of less than 20 and adapter sequences, by 
graphing the distribution of quality scores and nucleotides and finally by calculating the 
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fractions of duplicate and singleton reads in the data, then it can used for mapping against 
reference genome or for creating a de novo assembly. In this project the reads were all 
mapped against the reference genome. 
 Mapping reads to reference genome overview 
Mapping shows the process of aligning short reads to the reference sequence, in a way to 
represent if the sequence is a complete genome, transcriptome or de novo assembly. There 
are numerous programs that have been developed to map reads against reference genome 
that differs in their algorithms and so the speed (De Wit et al., 2012). One such common 
program used in illumina protocol is BWA (Li and Durbin, 2009). It uses a Burrow’s wheeler 
transform method that results in much faster processing than the first wave of programs that 
used a hash-based algorithm such as MAQ(Li et al., 2008). An alignment file called 
Sequence/Alignment Map (SAM) file is created for each sample by the mapping process. 
This file holds one line for each of the reads in the sample mentioning reference 
sequence(genes, contigs or gene regions) to which it maps, the position in the reference 
sequence and a Phred- scaled quality score of the mapping, among other details (Li and 
Durbin, 2009). And so, the SAM file for the samples are used for generating expression 
information, referring to the number of reads mapping to each ref seq. There are a number 
of factors that can be defined for an alignment process, inclusive of the 1)  number of allowed 
variations in the seed(-k) – where seed is a stretch of nucleotides within a read that are utilised 
to initiate the alignment process 2)  number of differences allowed in the seed (-k), 3)the 
number allowed and penalty for gap openings (-o, -O) and 4)the number and penalty for gap 
extensions (-e, -E). Variations in these factors will alter the number and quality of reads that 
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map to ref and the time taken to finish mapping of a sample. In order to optimize the factors 
for a data set, i.e to obtain the highest number of high quality mapped reads, an evaluation 
data file (cleaned and trimmed FASTQ file from a single sample) has to be created. This file 
can be used to parse through several permutations of BWA, changing a single parameter 
(factor) each time. All the steps can be performed in “batch” by editing the bash script 
BWAaln.sh. Then all the duplicate reads can be removed using the “Markduplicates2 
program from the software package “Picard”. Picard used the binary equivalent of SAM 
files, BAM, as input, therefore the SAM files are converted to BAM files using SAM tools. 
 Gene expression analysis from RNA seq data 
The count data (refer to the number of reads which map uniquely to each of the contig or 
gene) is used for gene expression analysis, from the alignment files generated. This data 
would serve as a proxy for the magnitude of gene expression, as the transcripts of greater 
occurrence in the cell will have greater reads generated from libraries prepared from RNA. 
Gene expression differs amongst samples, for instance in this study control vs heat shock. 
The biological queries which can be answered using this analysis are, if there is any 
differentially expressed genes between conditions,  are there any differentially expressed 
genes concentrated in specific functional types or    they are randomly distributed with respect 
to function across the transcriptome. The procedure in gene expression analysis that include, 
Converting the BAM files back to the original SAM files, generating count data from the 
mapped reads for each samples, creating a combined counts data file for all samples involved 
in the gene expression study-columns refer to each sample and rows to each gene. 
Normalizing samples across to identify significantly differentially expressed genes using the 
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program DESeq implemented in R and using P value from DESeq to identify “transcriptome” 
–wide patterns of enrichment for Identifying functional classification of proteins using 
software like Ermine. A heat map can also be made for the significantly differentially 
expressed genes using the heatmap 2 function from the gplots library in R.  8)To make the 
plot each gene has to be normalized i.e the counts for each sample has to be fractioned by 
the average counts across all samples-essentially relative fold change. (De Wit et al., 2012). 
Once the count data is available, for the differential gene expression analysis, a number of 
Bioconductor packages can be used such as edgeR (Robinson et al., 2010), limma (using 
voom method) (Law et al., 2014), DSS (Wu et al., 2013), EBSeq (Leng et al., 2013), BaySeq 
(Hardcastle and Kelly, 2010) and DESeq2 (Love et al., 2014). The data can be subjected to 
exploratory analysis and visualizations. RNA-seq work flow includes two different 
pathways; the first involves statistical testing for differential expression analysis and the 
second helps to visualise the sample relationships using count transformations data. 
 Statistical analysis through DESeq2  
The count table (mapped reads) extracted from the SAM files after sequencing were run 
through DESeq. An internal normalization was performed by DESeq2 where the geometric 
mean was calculated for each gene across the sample. The counts for a gene in each sample 
was then divided by the mean. The median of these ratios in a sample was considered the 
size factor for that sample. This procedure was used to correct the library size and RNA 
composition bias, which normally arises when only a small number of genes are very highly 
expressed in one experiment condition but not in the other.  
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As only a small number of replicates were used, it was difficult to estimate within group 
variance reliably. This problem was solved by using DESeq2’s shrinkage estimation for 
dispersions and fold changes. A dispersion value was estimated for each gene through a 
model fit procedure.  Also DESeq2 fits negative binomial generalized linear models for each 
gene and uses the Wald test for significance testing. DESeq2 detect automatically the outliers 
using Cook’s distance and remove these genes from analysis. It also automatically removes 
genes whose mean of normalized counts is below a threshold determined by an optimization 
procedure. Removing these genes with low counts can significantly contribute detection 
power by making the multiple testing adjustment of the p-value less severe. Once all the 
parameters were fitted within DESeq2, a result table was extracted for the sample analysis 
(Love et al., 2014). 
 
 
(res <- results(dds)) 
 
## log2 fold change (MAP): dex trt vs untrt  
## Wald test p-value: dex trt vs untrt  
## DataFrame with 29391 rows and 6 columns 
##                    baseMean log2FoldChange      lfcSE       stat      pvalue        padj 
##                   <numeric>      <numeric>  <numeric>  <numeric>   <numeric>   <numeric> 
## ENSG00000000003 708.6021697    -0.37423028 0.09872592 -3.7905980 0.000150285 0.001288634 
## ENSG00000000419 520.2979006     0.20214241 0.10929202  1.8495625 0.064376631 0.197285253 
## ENSG00000000457 237.1630368     0.03624420 0.13682871  0.2648874 0.791096181 0.914554085 
## ENSG00000000460  57.9326331    -0.08520813 0.24645454 -0.3457357 0.729541350 0.883905862 
## ENSG00000000938   0.3180984    -0.11522629 0.14589383 -0.7897955 0.429647219          NA 
## ...                     ...            ...        ...        ...         ...         ... 
## ENSG00000273485   1.2864477     0.03490688  0.2986168  0.1168952   0.9069431          NA 
## ENSG00000273486  15.4525365    -0.09662406  0.3385222 -0.2854290   0.7753155   0.9062370 
## ENSG00000273487   8.1632350     0.56255493  0.3731295  1.5076666   0.1316399   0.3297036 
## ENSG00000273488   8.5844790     0.10794134  0.3680474  0.2932811   0.7693073   0.9034871 
## ENSG00000273489   0.2758994     0.11249632  0.1420250  0.7920882   0.4283092    
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summary(res) 
 
## ## out of 29391 with nonzero total read count 
## adjusted p-value < 0.1 
## LFC > 0 (up)     : 2627, 8.9%  
## LFC < 0 (Biketov et al.)   : 2228, 7.6%  
## outliers [1]     : 0, 0%  
## low counts [2]   : 10827, 37%  
## (mean count < 4) 
## [1] see 'cooksCutoff' argument of ?results 
## [2] see 'independentFiltering' argument of ?results 
Figure 2.5: DESeq2 analysis result table  
[Source- http://www.bioconductor.org/help/workflows/rnaseqGene/#de] 
 
A sample of DESeq2 output table is given in Figure 2.5. The first column, base mean is the 
normalised count data mean, divided by size factors in the DESeq data set for all samples. 
The column log2fold change is the effect size estimate. It gives an assessment of how much 
gene expression has changed between conditions. This assessment gives the results in 
logarithmic scale to base 2: like 1.5 logfold change of a gene’s expression indirectly means 
that its expression is multiplied as 21.5 which is ~2.82. This log data has an uncertainity factor 
associated with it and is given in column IFcSe, which is an error extimate given for the 
logfold change data. The uncertainty of a particular effect size estimate can also be obtained 
by using a statistical test. The statistical tests provides enough evidence to confirm whether 
the data can be concluded to be really different from zero. DEseq2 package analysis has such 
statistical tests which conducts a hypothesis test to provide sufficient evidence to cancel out 
the null hypothesis theory which otherwise indicates that any change in the observations 
between normal and heat shocked samples is because of experimental conditions/variability  
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and not the stress response. Once the statistical tests are run the result table appears with a 
reported P value column which provides significance among the tests to reject the null 
hypothesis. 
 Multiple testing using Benjamini-Hochberg algorithm 
Although the P values obtained as a result of statistical tests conducted by the package tests 
the null hypothesis by providing a level of significance for each gene that the probability of 
the logfold change value of that particular gene is not just because of experimental variability 
but because of stress response, it is important to eliminate the false positive results. This is 
carried out by using multiplicity testing with the help of Benjamini Hochbergs algorithm for 
the P values of each gene, resulting in another column with adjusted P values or FDR values 
(False discovery rate values). The column with these values are more stringent and are highly 
recommended to be used in the highthroughput experiments and with allowed fraction of 
only 10 % false positives. 
 
With the FDR values after the differential expression analysis, the number of significant 
genes can be reduced with 10 % cut off and depending on the downstream experiments, one 
can select the subset of significant genes, by lowering the FDR threshold and by raising the 
log2fold change. The P values can be “NA” (Not available) for genes which have extreme 
outlier counts and these are excluded from the analysis and if all the count data for the gene 
is zero. PCA is a common statistical method for exploratory analysis and data visualization. 
It is often useful to compare the similarity and differences between the samples to know how 
exactly they fit into the experimental designs and the final expections of the output data. The 
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Euclidean distance between the samples or the variables is usually calculated using dist 
function of the R package. 
 
R is a software package for statistical analysis and computing of data sets. To ensure there is 
roughly equal contribution from all genes, rlog-transformed data is used. Data which have 
similar distributions of the variance but different mean value ranges works best for PCA 
analysis (Variance is another measure of the spread of data in a data set). This kind of data 
set is called as homoskedastic as one can expect same variance across the different mean 
values (Huber et al., 2015). Unusually the variance grows with the mean for RNA-seq raw 
counts. For e.g, few genes which are strongly expressed would influence the result on the 
read count data normalized for size factor, as they have a large difference between the 
samples. 
 
DESeq2 produces transformations for the read count as a solution for these problems which 
gives a stabilized variance taken for all mean values. This is referred as rlog (regularized 
logarithmic transformations). There is no abrupt differencs in the results when rlog 
transformations are used over ordinary log2transformation except that the values of genes 
with high counts plunge to average genes for all the samples used (Love et al., 2014). Then 
a ridge penalty is applied for the intersample differences with the help of Bayesian prior to 
convert the rlog transformed data to homoskedastic, which can be used for PCA plots to 
deduce the sample distances. To stimulate sample to sample distant differences with the help 
of a PCA plot, a 2D plot is generated with projected data points in a two way direction to 
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illustrate their variation. The X-axis gives the most variation for the data points and is called 
PC1. The Y-axis (aligned orthogonally to the earlier direction) gives the second most 
variation and is termed PC2. The % of total variance is given in the labels of the axis. As 
there are more dimensions for the plot apart from X and Y, the ratios for those dimensions 
are not included and that is the reason for the ratios shown in the graph not adding to 100 % 
as they also contribute to the total variance away the samples., although their contribution is 
very little compared to the two planes shown (Love et al., 2014).  
 Differential expression analysis using edgeR package 
edgeR works on a table of integer read counts, with rows corresponding to genes and columns 
to independent libraries. edgeR stores data in a simple list-based data object called a 
DGEList. This type of object is easy to use because it can be manipulated like any list in R. 
The package gets rid of genes which did not occur frequently enough by filtering the data. 
This is done by keeping a cutoff by saying the data must have at least 100 counts per million 
(calculated with cpm in R) on any particular gene that one wants to keep. The filtering 
reduces the dataset and therefore causes a little information loss. It is always good to reset 
the library size. It should be noted that the “size factor” from DESeq2 is not equal to the 
“norm factor” in the edgeR. In edgeR, the library size and additional normalization scaling 
factors are separated.  In all the downstream code, the lib.size and norm.factors are multiplied 
together to act as the effective library size; this (product) would be similar to DESeq's size 
factor. The calcNormFactors function normalizes for RNA composition by finding a set of 
scaling factors for the library sizes that minimize the log-fold changes between the samples 
for most genes. The default method for computing these scale factors uses a trimmed mean 
 104 
 
of M-values (TMM) between each pair of samples. After normalisation biological coefficient 
of variation and dispersion values are measured. The dispersion of a gene is simply another 
measure of a gene's variance Once normalisation has been done the differentially expression 
can be run and by default the edgeR has the Benjamini and Hochberg's algorithm which is 
used to control the false discovery rate (FDR) (Robinson et al., 2010). An example output 
table for edgeR analysis is given in Figure 2.6.  
# Comparison of groups:  WM-MM 
##       logFC logCPM    PValue       FDR 
## 74   10.430  9.124 2.729e-29 1.976e-26 
## 1717  7.923  9.986 7.793e-29 2.821e-26 
## 1111  9.670  8.360 1.062e-24 2.564e-22 
## 1334  9.611  8.156 6.311e-24 1.142e-21 
## 2322  5.174  8.667 3.070e-23 4.445e-21 
## 625  -7.404  8.223 1.543e-22 1.862e-20 
## 2537 -5.003  8.777 3.030e-22 3.133e-20 
## 1353  9.033  7.697 8.618e-21 7.799e-19 
## 1212 -4.760  9.119 2.819e-20 2.268e-18 
## 2076  6.365  7.439 2.345e-18 1.698e-16 
Figure 2.6: An edgeR output file sample 
[Source - https://web.stanford.edu/class/bios221/labs/rnaseq/lab_4_rnaseq.html] 
 Comparison of DESeq2 and edgeR package 
Almost similar strategies were employed by the two packages DESeq2 and edgeR to perform 
the differential analysis for the count data, but there are differences in important areas, 
especially in their default normalisation. In edgeR, Trimmed mean of M values (TMM 
calculation) is used to remove the smallest and largest values before calculating the mean. 
Rather than quantification of expression levels, edgeR is concerned with analysis of 
differential expression analysis. Relative changes between the conditions on the expression 
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levelsis focussed more by edgeR rather than estimating absolute changes in the levels of 
expression. This greatly cancels out any technical factor that is not related to the experimental 
conditions to be unnecessarily taken into account during differential expression analysis. 
RNA composition is the most important factor/technical influence apart from sequencing 
length, during differential expression analysis. Although the relative abundance of each gene 
in the given RNA sample is accurately given by RNA –Seq. One of the disadvantage is there 
is no information related to the total RNA output per cell. This data plays a significant role 
when in samples; one has a very high expression of a small number of samples whereas in 
another there is not. This highly expressed genes can possibly occupy a large proportion of 
library size leading to the under sampling of other genes in the same sample with moderate 
or low expression.  
 
This can give a wrong interpretation as the remaining genes are falsely down regulated. 
Therefore to avoid this under-sampling, the calcNormFactors function is used to find the set 
of scaling factors to minimize the differences in the log fold changes between the genes to 
normalize the RNA composition in the samples. TMM is the default method used to scale 
these factors between sample pairs (Robinson et al., 2010). On the other hand, a virtual 
library is created by DESeq package using the relative log expression values to compare the 
samples. Ideally the normalisation factors are mostly similar. Perhaps to be specific only the 
choice of tools differs for dispersion estimation of genes. Therefore to conclude edgeR is 
much sensitive in eliminating outliers when compated to DESeq and also it takes only 
seconds to do the analysis while DESeq takes only 15 minutes depending on the size of the 
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library. Lastly, no single method dominates the other as per the comparative studies across 
all settings in the software (Anders et al., 2013, Seyednasrollah et al., 2015). 
 
 Visualization of the RNA seq data in IGV tool  
With the rapid improvement in high throughput technologies there is a lot of biological data 
from even a single experiment and this data is often genome-wide. This demands an efficient 
visualization tool which can scale to very large data sets and flexibly integrate multiple data 
types. IGV (Integrative genomic viewer) has been developed to address this challenge. The 
IGV makes use of efficient, multi-resolution file formats to enable real-time exploration of 
arbitrarily large data sets over all resolution scales, while consuming minimal resources on 
the computer.  IGV varies the displayed level of detail according to resolution scale. At very 
wide views, such as the whole genome, IGV represents NGS data by a simple coverage plot. 
Coverage data are often useful for assessing overall quality and diagnosing technical issues 
in sequencing runs, as well as analysis of ChIP-Seq (Berger et al., 2010) and RNA-Seq 
(Nielsen et al., 2010) experiments (Robinson et al., 2011). Therefore IGV was chosen to 
view the RNASeq data generated in this thesis. An example of the interface is given in Figure 
2.7.  
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The data was loaded from the local file into IGV genomic viewer in the form of bam files. 
Once the data was loaded the samples were displayed in horizontal rows called tracks. Each 
track represented a single sample or an alignment file. Multiple tracks were loaded to 
compare the coverage area of differentially expressed genes. For each alignment file (e.g 
Polysome 45°C_bam) IGV has calculated and displayed the default coverage track. When 
zoomed in the coverage track displayed the depth of the reads which were displayed at each 
locus as a grey bar chart (Figure 2.9 Panel A). More than 20 % difference at the nucleotides 
when compared to the reference genome was denoted in colour (IGV colours the bar in 
proportion to the read count of each base) (Figure 2.9 Panel B).  
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Figure 2.7: Viewing alignments and coverage data in IGV 
 
The areas of deep coverage were down sampled, marked as a black block rectangle under 
the coverage area to reduce memory usage. Apart from the coverage track, IGV loaded a 
separate alignment track for each sample.   
2.11 Ribosome Tagging  
Selected ribosomal protein genes were in vitro engineered so that a streptavidin binding 
peptide tag was inserted either at the 5’ or 3’ of the ORF. The gene was synthesized by 
Eurofin MWG Company and we were provided with the tagged genes cloned in a standard 
E. coli cloning vector. Following this step the tagged gene was cloned in a shuttle vector, the 
integrative pMT 3226 conjugative vector described in Kieser et al., 2000 which integrates in 
the Streptomyces chromosome at the Attp site. The recombinant pMT 3226::xxxx were 
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transformed into an E. coli non methylating strain ET12564 pUZ8002 (Kieser et al., 2000). 
The purified pMT3226:: scoxxx was transferred to the MT1110 chromosome by intergeneric 
E. coli Streptomyces conjugation as described in Kieser et al., 2000 (The above procedures 
were carried out by Dr G. Bucca). The Streptomyces strains carrying the selected ribosomal 
protein tagged genes were called xxxx. Two separate isolates from each strain were grown 
in YEME rich medium in order to isolate ribosomes through a sucrose cushion. This step 
was followed by a Western blot step using streptavidin conjugated to Horseradish Peroxidase 
from the extracted proteins in order to verify the presence of the tag in the selected ribosomal 
proteins. 
2.11.1 Isolation of ribosomes through a sucrose cushion 
 Setting the Streptomyces cultures: Measuring spore concentration with 
haemocytometer 
A spore suspension was mixed well. To each side of the haemocytometer 10 µL of spore 
solution was added. The number of spores on either side of the haemocytometer, in zones A, 
B, C, D and E was counted and recorded.  Average of the numbers on the two sides were 
calculated. An equal number of spores was used as inoculum for the ribosomal tagged protein 
strain and the control strain containing the pMT3226 empty vector. 
 Cell extract preparation 
100 mL of YEME containing 10 % sucrose was inoculated with 1 x 108 S. ceolicolor spores 
and incubated at 30°C and 250 rpm in a shaker. Growth was monitored by measurement at 
OD450. At log phase, 80 µg/mL of chloramphenicol was added to 20 mL culture, and the cells 
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were placed on ice. Cells were centrifuged down at 3500 rpm for 5 min/4° C and the pellet 
was re-suspended in 3 mL lysis buffer cocktail. Lysis buffer cocktail included 91.6 U/µL of 
RNase out (Invitrogen Cat No 10777-019), 10 µL of RNase free DNase (Zymo research) and 
1 tablet of protease inhibitor to 12 mL of lysis buffer (A.9.15 and A.9.16). The mixture was 
centrifuged again at 3500 rpm for 5 min/4° C and re-suspended in 2 mL lysis buffer. The 
suspension was transferred to a glass corex tube and 2/3rd volume of chilled glass beads 
(0.45-0.55 mm) was added and mixed by vortex 4X for 20 sec, cooling on ice in-between 
mixer for at-least 90 sec. The tubes were centrifuged at 3500 rpm for 5 min/4° C and the 
supernatants were transferred to 1.5 mL tubes. Again the sample was centrifuged at 10000 
rpm/5 min/4° C and the extract was stored at -80° C.  
 Preparation of sucrose cushion 
For sucrose cushions, 2 mL of 0.5 M sucrose (Sigma) solution in Buffer A (Same as Lysis 
Buffer Section A.9.15) was pipetted into thick walled TLA-100.4 centrifuge tubes (~4 mL). 
The protein extract was carefully layered on top of the sucrose cushion. The samples were 
centrifuged at 40,000 rpm/45 min/4° C in a TLX table top centrifuge (Beckman), in a TLA-
100.4 rotor. The pellet was dissolved in 1 X Laemmli sample buffer (A.9.28) and stored at -
80° C before subsequent western blot analysis. 
 Purification of Strep-Tagged ribosomal proteins from Streptomyces coelicolor 
MT1110 
Cell extracts from two isolates of MT111::3906 and MT1110::5591 plus MT1110::pMT3226 
as control were prepared as described in Section 2.11.1.2. 100 µL of Strep-Tactin magnetic 
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beads (Qiagen) was added to 1 ml of each of the six cell extracts. The beads were re-
suspended fully before dispensing and left to bind for 2 h to O/N at 4° C. The tubes were 
transferred on a magnetic stand (Thermo Fischer Scientific CS15000) and left for 1 min in 
order to allow the separation of the magnetic beads. The supernatant was transferred to a 
separate tube and stored at -200 C. The beads were washed twice with 500 µL of lysis buffer 
by gentle vortexing and magnetic separation. Cell washes were retained and stored for further 
analysis. The proteins were eluted using the elution buffer according to the Qiagen 
manufacturer’s instructions and 3 fractions of 1 mL each were collected. Briefly, this 
involved adding 50 µL of elution buffer, mixing to allow collections of the eluate, incubation 
for 5 min, and magnetic separation for 1 min to allow collection of the eluate (fraction 1). 
This was repeated for fractions 2 and 3. Extracts were stored at -20° C. 
2.11.2 SDS PAGE and Western Blot 
The resolving gel (12.5 %) was prepared by mixing 3.12 mL of 40 % acrylamide (SIGMA 
Cat. No A9099), 2.5 mL of 1.5 M Tris-HCl  pH 8.8, 100 µL of 10% SDS, 4.1 mL of water, 
125 µL of 10% APS and 20 µL of TEMED. The prepared gel solution was loaded between 
the glass plates (spacer plates 0.75 mm) and allowed to polymerise for 30 min. Excess water 
was removed using Whatmann filter paper. The stacking gel (4 %) was prepared using 0.5 
mL of 40 % acrylamide, 1.25 mL of 0.5 M Tris-HCl pH 6.8, 50 µL of 10 % SDS, 3.1 mL 
water, 62.5 µL of 10 % APS and 10 µL TEMED. The stacking gel was loaded on top of the 
resolving gel and a 0.75 mm comb was placed to create wells. The gel was left to set for 30 
min. 5X Tris glycine buffer stock solution was prepared by mixing 15 g of Tris base, 72 g of 
glycine, 5 g of SDS and the pH was adjusted to 8.3. All samples were diluted to ~20-30 µg 
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total protein.  Blank samples were prepared for the wells which were not used using loading 
dye and running buffer, to prevent the samples from forming a “smile” shape while running 
gel. Protein ladder was prepared according to the manufacturer’s instructions. The gel tank 
was prepared and filled in with running buffer. 1X Tris glycine running buffer (Appendix 
A.9.18) was prepared from stock to run the gel. 15 µL of each sample, blank and protein 
ladder was loaded to the wells. The gel was run at 120 V for 1.5 h or at 10 V O/N. 
 Blotting of PAGE gels 
Proteins were transformed from gels to the PVDF (Immobilon, 0.45 µM pore size) membrane 
used by electrophoretic transfer. The membrane was activated using 100 % methanol for 20 
sec, and then washed in deionised water and soaked in transfer buffer (A.9.26-27) until ready 
to use. Filtrer paper and sponge inserts weer soaked in transfer buffer and then a stack made 
of sponge, filter paper (X3), gel, PVDF membrane, filter paper (X3) and sponge prepard and 
placed in the transfer cassette of the blotting apparatus. Transfer was run using 300 mA for 
90 min or left for O/N transfer at lower mA setting at 4° C.  
2.11.3 Immunodetection using the Streptavidin-HRP and chemiluminescent    detection 
The blot was stained with Ponceau S to verify successful protein transfer to the PVDF 
membrane. The membrane was washed 3X for 5 min using wash buffer (Appendix A.9.24) 
by inserting the membrane in a 50 mL falcon tube with the protein side facing inward. 
Blocking of non-specific binding was performed using 5 % milk powder/ BSA (1 g in 20 mL 
wash buffer) for 1 h or more. Sometimes O/N blocking was carried out at 40 C. The 
membrane was again washed 3X for 5 min in wash buffer. The membrane was then incubated 
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with Streptavidin HRP (Thermo Fischer Scientific Cat No N100) diluted 1/1000-1/2000 in 
blocking buffer for 1 h or more. The membrane was again washed 3X for 5 min in wash 
buffer. Substrate solution was prepared by mixing equal volumes of Luminol reagent and the 
peroxide solution, 3 mL each (~ 0.1 mL of working HRP Substrate is required per cm3 
membrane area) provided with the Immobilon Western HRP Substrate kit (Millipore Cat No 
WBKLS0500). The HRP substrate was allowed to reach RT (~ 10 min). The blot was place 
with protein side up and mixed reagent was added to the membrane and was spread evenly. 
The blot was incubated for 1 min at RT and the excess solution was drained off using the 
tweezers. The blot was covered with a clean plastic wrap (care was take not to introduce air 
bubbles) and exposed to X-ray film for a short duration and the film was developed. 
Alternatively the FluoroChemQ imaging system was used to detect the Chemiluminescence 
signal. 
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Polysome profiling in Streptomyces coelicolor 
3.1 Introduction: Genome wide approaches to characterize the heat shock 
response in Streptomyces coelicolor  
This chapter describes experiments to analyse the polysome profiles of Streptomyces 
coelicolor including analysis of the RNAs associated with the ribosomes. The complete 
genome sequencing of the model strain, Streptomyces coelicolor A3(2) (Dressaire et al., 
2010) has stimulated various levels of studies including transcriptomic, proteomic and 
genome wide metabolic network analysis (Nie et al., 2006). Streptomyces has developed 
highly evolved adaptation strategies to cope with stressful environments such as heat shock, 
cold shock or other physiological and physico chemical changes. Such adaptations and 
regulation at transcriptional and post transcriptional stages contribute largely to 
reprogramming of protein synthesis. To date, Streptomyces microarray studies have been 
largely restricted to transcriptional profiling (MacKay et al., 2004, Bucca et al., 2009, 
Allenby et al., 2012).  
Studies related to transcriptome changes during stress has revealed the induction of stress 
responsive genes and repression of expression of genes encoding ribosomal and growth 
related proteins (Lee et al., 2011, Dressaire et al., 2011). Furthermore, studies revealed a poor 
correlation between the transcriptome and proteome following exposure to stresses 
(Dressaire et al., 2010, Nie et al., 2006, Lu et al., 2007, de Sousa Abreu et al., 2009, Maier 
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et al., 2009, MacKay et al., 2004) which reflects partly the contribution of translational 
regulation in adaptation to stress. During translation to synthesize a new ptidepolypeptide 
chain the ribosomes load on to mRNA template and move from 5’ to 3’ direction. It takes 
around ~2 sec to perform all the initiation events (Kennell and Riezman, 1977, Underwood 
et al., 2005) whereas to translate the entire gene ribosomes take much longer, for example 
tens of seconds. Therefore, for the mRNA transcripts which have to be actively translated or 
in high demand to be translated, one ribosome begins translating and moves down the 
mRNA, then a second ribosome will follow, followed by a third, fourth, etc. This forms a 
so-called polysome, with multiple ribosomes translating a single messenger RNA (Noll, 
2008).  
 
The average number of ribosomes associated with an mRNA depends on several parameters 
(Arava et al., 2003, Arava et al., 2005); one is the length of the protein-coding sequence(s) 
contained in the mRNA and as second is exposure to stress. In this study I aimed to analyse 
the translational regulation of gene expression in S. coelicolor during heat shock stress. Heat 
shock was chosen as it has been exploited as a model system for studying gene regulation 
and used extensively for previous studies in our laboratory. Analysis of heat shock proteins 
themselves has provided fundamental insights into stress regulation in cell biology (Stewart 
et al., 2002). Previously, Northern hybridization techniques were used to analyse 
translational control by studying the redistribution of mRNAs between ribosome-free and 
polysome-bound  fractions  (Leibold and Munro, 1988, Garcia-Sanz and Lenig, 1996), but 
more recently DNA microarray based ,expression profiling analysis has been widely used 
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for polysome studies (Johannes et al., 1999, Zong et al., 1999). One of the most common 
experimental approaches, which is considered as the gold standard method to monitor gene 
expression at the translational level, is polysome profiling.  This can be done since 
translational control takes place, mainly at the initiation step (Mathews et al., 2000) and thus 
ribosome loading of a transcript is a robust indicator for translation efficiency. Indeed, 
genome-wide analyses of actively translated transcripts showed that 15%–40% of the 
regulated transcripts during physiological/pathological transitions are regulated at the 
translational level, indicating that translational control is a widely adopted mechanism of 
gene expression regulation (Pradet-Balade et al., 2001). Moreover it has been shown in E. 
coli by that mRNA levels of the genes in an operon is similar whilst the different translational 
efficiency of the genes in an operon encoding a multi-subunit complex reflects the 
stoichiometry of the enzyme complex (Li et al., 2012). 
 
 Polysome profiling involves ultracentrifugation of cell extracts through sucrose gradients 
for physical separation of large molecular complexes such as polyribosomes (one or more 
ribosomes), large and small ribosomal units and monosomes which are associated with 
mRNAs. The comprehensive identification and quantification of all mRNAs actively being 
translated under a particular physiological condition yields the ‘translatome’. Polysome 
profiling was previously conducted to examine the effects of stress and/or growth conditions 
on translation and to address whether particular cellular components are associated with the 
translational machinery (Powers and Noller, 1990, Gregory et al., 1994, Moine and 
Dahlberg, 1994, Firpo et al., 1996, Fredrick et al., 2000, Ataide et al., 2009, Melamed et al., 
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2009, Saini et al., 2009).  In combination with other techniques, polysome analysis has been 
used to deduce rate constants for certain phases of translation (e.g., initiation, elongation, 
termination)(Arava et al., 2005, Arava et al., 2003). Finally, use of purified polysomes in 
biochemical experiments has been instrumental for the isolation and characterization of 
translation factors such as ribosome recycling factor (RRF) (Hirashima and Kaji, 1972, 
Fujiwara et al., 2001, Hirokawa et al., 2002).  Polysome profiling in combination with DNA 
microarrays was used by Halbeisen and Gerber to identify stress-dependent co-ordination of 
the transcriptome and translatome in yeast (Halbeisen and Gerber, 2009). An equivalent 
approach was used in S. coelicolor to isolate the mRNA population from bacteria grown at 
physiological temperature and from cultures subjected to heat shock to study the differential 
gene expression under stress (transcriptome analysis). In parallel the same cell extracts have 
been subjected to polysome profiling followed by microarray analysis (translatome analysis) 
to identify the subpopulation of actively translated transcripts and the relative changes in 
translation following exposure of mycelium to heat shock stress.  
 
The heat shock regulon has been previously described in S. coelicolor. The purpose of the 
present research project was to provide a comprehensive picture of which classes of genes 
are transcriptionally controlled, translationally controlled or both transcriptionally and 
translationally controlled in S. coelicolor grown in liquid and solid media under normal and 
heat shock conditions.  The population of mRNA being actively translated was analysed for 
the first time by polysome profiling where the cell extracts were subjected to sucrose gradient 
centrifugation to separate monosome and polysome associated-mRNA from free mRNA. 
 118 
 
Different fractions collected from the gradients were then analysed by microarrays to 
globally identify and quantify the respective populations of mRNA. 
 
3.2 Results 
3.2.1 Polysome profiling in Streptomyces coelicolor grown in liquid media 
Generally, rapidly growing cultures (exponential phase) can yield a good polysomal profile 
as translation is extremely sensitive to the physiological status of the cell (Keene, 2001).  
Chloramphenicol was added to the culture to block further translation and care was taken to 
rapidly harvest the cells and chill them in ice (Inada and Guthrie, 2004). For the data 
acquisition I used an ISCO Gradient Analyzer connected to a PC. The Analyzer allows easy 
data acquisition online and provides an opportunity for the user to manipulate logistic 
operations such as baseline shifting and peak editing of the profiles. RNA samples were 
isolated from the respective fractions for downstream analysis through microarray 
technology. 
 Cell extract preparation and polysome fraction collection 
S. coelicolor cultures were grown in YEME rich medium with 10% sucrose in 500 ml flask 
with springs to aid dispersion of the mycelium. 100 ml of YEME medium was inoculated 
with spore suspension of the S. coelicolor wild type strain MT1110 (Kieser T et al., 2000). 
The cultures were incubated at 30°C in a shaking incubator and the growth was followed by 
OD readings at 450 nm. Harvesting cells in the mid-logarithmic phase of growth (OD450 0.4–
0.7) will increase the proportion ribosomes observed in the polysome fractions of the 
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gradient (Godson and Sinsheimer, 1967). Therefore when the culture reached exponential 
stage of growth (OD450 = 0.8), half of the culture was transferred to a separate flask and 
incubated at 42C in a shaking incubator for 30 min to heat shock the cells while the 
remaining half was incubated at 30°C as a control. As per the study by (McNamara et al., 
1970), cycloheximide and chloramphenicol has been widely used as specific, reversible 
inhibitors of protein synthesis in eukaryotes and prokaryotes respectively. They both can 
block transfer of amino acid residues from amino acyl tRNA into polyribosome (polysomes) 
bound polypetide (Obrig et al., 1971, Schneider-Poetsch et al., 2010). Cycloheximide can 
readily block synthesis in yeast or mammalian systems (Sisler and Siegel, 1967) but is a 
relatively ineffective inhibitor of bacteria or mammalian mitochondrial protein synthesis.  
 
Chloramphenicol, a potent inhibitor of bacterial translation is relatively ineffective in 
mammalian systems other than mitochondria (Weisberger et al., 1964). Therefore 
Chloramphenicol was added at a final concentration of 80 µg/ml and the cultures were 
rapidly transferred in ice. Cells were pelleted following centrifugation at 6,000 rpm for five 
min at 4°C and re-suspended in lysis buffer. Mycelial pellets were homogenized by three 
cycles of mechanical disruption obtained by adding glass beads (diameter 3-5 mm) to the 
mycelium and vigorously shaking in a vortex mixer for 3  20 seconds with 40 seconds 
interval in ice.  The lysate was cleared by centrifugation at 9,500 rpm for 5 min at 4°C, 
overlaid onto 10%-50% linear sucrose gradients and centrifuged at 38,000 rpm for 2 h at 4°C. 
The gradients were kept at 4°C until ready for fraction collection using the ISCO gradient 
analyzer (Teledyne). Upon collection, the fractions were rapidly frozen in liquid nitrogen 
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and stored at -80°C. Figure 3.1 shows the polysome profile of S. coelicolor at 30°C and 42°C. 
The gradient allowed the fractionation of “free” RNA, the small (30S) and large (50S) 
ribosomal subunits, monosomes (70S) and polysomes. 
 
Figure 3.1: Polysome profiles of S. coelicolor grown in liquid media  
A) 30°C Replicate 1 B) 42°C Replicate1  
 
The percentage of total ribosomes migrating as polysomes in profiles from bacteria is often 
quite low (~ 30 %) compared to the fraction of polysomes obtained from eukaryotic cells 
(~ 90%) (Noll, 2008). The basis of this trend is unclear, but may have to do with the fact that 
elongation is considerably faster in bacteria (Berridge et al., 1976, Anderson et al., 1982, 
Bohman et al., 1984). Profiles from bacteria tend to have a large 70S monomer peak,   
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reflecting the runoff of ribosomes during harvest procedure (Godson and Sinsheimer, 1967, 
Friedman et al., 1971). This could be a reason for the large 70S peaks in the polysome profiles 
(Figure 3.1). Addition of antibiotics such as chloramphenicol to trap elongating ribosomes 
may increase the proportion of polysomes to some degree. Nonetheless, polysome analysis 
can provide useful information regarding the translational status of bacteria, particularly 
when appropriate comparative studies are planned.  
 RNA extraction from cell extracts and quality control (QC) tests 
Polysomes are highly sensitive to ribonucleases (RNases) (Ron et al., 1966). In the study 
conducted by (Qin and Fredrick, 2013) it was shown that slight treatment of cell lysate with 
RNAse A caused the conversion of polysomes to 70S monosomes due to mRNA cleavage 
between ribosomes of the polysome. Therefore care was taken to use materials which are 
RNase free. I used the RNeasy Qiagen kit initially to extract RNA from the fractionated 
gradient and observed very low reverse transcription (cDNA synthesis) yields from RNA 
samples. A literature search of inihibitors of reverse transcription allowed the identification 
of heparin as the possible inhibitor in the sucrose gradient samples. Indeed, heparin was used 
in the sucrose gradients as a non-specific RNase inhibitor (Ukita et al., 1962).  
 
In another study RNA samples with heparin were precipitated using 2 M LiCl to remove 
heparin (Qin and Fredrick, 2013, Jung et al., 1997). Thus, I used the same treatment for 
polysome gradient samples to remove the inhibitory effect of heparin (Section 2.7.9). The 
diluted RNA from these fractions was purified from sucrose, lipid rafts etc. The RNA was 
QC-tested with the Nanodrop spectrophotometer and Agilent Bioanalyser; RNA from the 
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respective monosome and polysome fractions were pooled and separately fluorescently 
labelled with Cy-3 dCTP ready for microarray hybridization to compare the genes which are 
monosome-bound and polysome-bound through microarray analysis.  
 
 
Figure 3.2: Agilent Bioanalyser result to show the integrity of the RNA samples used 
for cDNA labelling experiments. 
[Fractions 2 to 5 corresponds to RNA extracted from monosomes (Figure 3.1 Panel A, B, C, 
D) and fractions 6 to 12 corresponds to polysomes (Figure 3.1 Panel A, B, C, D). Lane 1 – 
30°C Replicate 1 monosomes, Lane 2 - 30°C Replicate 1 polysomes, Lane 3 - 42°C Replicate 
1 monosomes, Lane 4 - 42°C Replicate 1 polysomes, Lane 5 -  30°C Replicate 2 monosomes, 
Lane 6 - 30°C Replicate 2 polysomes, Lane 7 - 42°C Replicate 2 monosomes, Lane 8 - 42°C 
Replicate 2 polysomes, Lane 9 – 30°C Total RNA Replicate 1, Lane 10 -  30°C Total RNA 
Replicate 2, Lane 11 - 42°C Total RNA Replicate 1, Lane 12 - 42°C Total RNA Replicate 
2] 
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Table 3.1: Spectrophotometric results to show the amount of RNA present in the pooled 
sucrose gradient samples and the purity of the RNA samples.  
(R1 – Replicate 1, R2 – Replicate 2) 
An A260/280 ratio close to 2 (Table 3.1) indicates that RNA is not contaminated with proteins 
and a 260/230 ratio close to 2 (Table 3.1) is an indication of lack of other contaminants (salts, 
phenol etc.). The LiCl precipitation procedure was followed in order to remove heparin from 
the RNA samples (Melamed and Arava, 2007). However, because the lithium ions interfere 
with reverse transcriptase activity, the protocol was extended to include a second round of 
ethanol precipitation. 
 
The presence of more 23s rRNA than 16s rRNA in lane 1 (which is fraction 3 to 4 in 
polysome profile – Figure 3.1) of Figure 3.2 is an indicative of the presence of the right 
subunits in the profiles as mentioned in Figure 3.1. An alternative way of checking for the 
presence of right subunits in the fractions, would have been by running a western blot for the 
expected ribosomal proteins. It is also important to measure the translational efficacy for the 
Sample Fractions ng/µl 260/280 260/230 Yield in 
µg (in 25 
µL) 
30 C Monosomes R1 2 to 5 of gradient 1 900 2.08 2.37 22.5 
30°C Polysomes R1 6 to 12 of gradient 1 460 1.95 2.20 11.5 
42° C Monosomes R1 2 to 5 of gradient 2 1600 2.18 2.34 40 
42°C Polysomes R1 6 to 12 of gradient 2 1100 2.08 2.37 27.5 
30°C  Monosomes R2 2 to 5 of gradient 3 882 2.1 2.11 22.05 
30°C  Polysomes R2 6 to 12 of gradient 3 500 2.04 2.16 12.5 
42°C  Monosomes R2 2 to 5 of gradient 4 1244 2.1 1.93 31.1 
42°C  Polysomes R2 6 to 12 of gradient 4 1034 2.05 2.4 25.85 
30 C  Replicate 1 Total RNA 1226 2.01 2.1 30.65 
30°C  Replicate 2 Total RNA 1178 2.08 2.37 29.45 
42°C  Replicate 1 Total RNA 786 2.1 2.11 19.65 
42°C  Replicate 2 Total RNA 726 2.04 2.16 18.15 
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organisms which can be measured by taking the ratio of area under the peak for monosomes 
and polysomes from the polysome profiles. 
 cDNA labelling and microarray hybridization of RNA samples  
Fluorescently labelled cDNA was produced for each RNA sample using reverse 
transcription; 10 µg of RNA was used for each cDNA synthesis / labelling in 30 μl total 
volume with 3 μg of random primers (Invitrogen). RNA with an A260/280 ratio between 1.8 
and 2.1 and A260/230 between 1 and 2 were routinely used in microarray experiments. The 
Agilent Bioanalyser was used to check the integrity of RNA. The software calculates an 
RNA integrity number (R.I.N.) where a number from 0-10 is assigned to each sample; only 
RNA with a RIN number >7 is taken forward for microarray experiments. The labelled 
cDNA samples were purified through minielute PCR purification kit (Qiagen) and the 
incorporation of Cy-Dye was verified by spectrophotometry. 
 
Table 3.2: cDNA labelling results for polysome profiling of S. coelicolor in liquid media. 
Sample ID Gradient Cy3 pmol/µl Cy5 pmol/µl ng/µl 
30°C  Monosomes R1 2 to 5 of gradient 1  13 0 128.6 
30°C  Polysomes R1 6 to 12 of gradient 1 11 0 161.5 
42°C Monosomes R1 2 to 5 of gradient 2 16.8 0 157 
42°C Polysomes R1 6 to 12 of gradient 2 16.5 0 165 
30°C  Monosomes R2 2 to 5 of gradient 3 8.8 0 124 
30°C  Polysomes R2 6 to 12 of gradient 3 7.3 0 113.4 
42°C  Monosomes R2 2 to 5 of gradient 4 10 0 135 
42°C Polysomes R2 6 to 12 of gradient 4 11.2 0 126 
30 C  Replicate 1 Total RNA 2.8 0.1 113.7 
30°C  Replicate 2 Total RNA 2 0.76 41.7 
42°C  Replicate 1 Total RNA 3.7 0 152.1 
42°C  Replicate 2 Total RNA 3.5 0.5 86.9 
gDNA (genomic DNA)  0 72.5 130 
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(R1 – Replicate 1, R2 – Replicate 2) 
The hybridization mixtures were denatured at 95oC for 3 minutes and the arrays were 
hybridized in an Agilent oven with rotisserie for 40 h at 650C at 20 rpm.  The microarray 
experiments were conducted following a common reference experimental design with the 
genomic DNA from S. coelicolor prototrophic strain M145 used as a common reference 
labelled with Cy5-dCTP and the RNA samples were all labelled with Cy3-dCTP. 
Fluorescently labelled genomic DNA was generated using 2-3 µg gDNA (S. coelicolor 
M145) that was added to 3 μg random primers in a total volume of 41.5 µl, and denatured at 
95°C for 5 minutes (Table 3.2).  
 Microarray data analysis: Feature extraction and normalisation  
In addition to non-specific binding, noise in a microarray experiment can arise from technical 
errors such as dust on the surface and non-uniform light intensity detection (where  parts of 
an array seem to have more fluorophore than the others, not due to  biological variation), to 
name a few. Thus, it is important to subtract background or noise from the signal intensity 
measurements obtained after scanning and feature extraction of the microarray slide(s). The 
Agilent Feature Extraction software is an image analysis and quantification system which 
enables a visual inspection of microarray results and quantification of the fluorescent signal 
for each spot in the slide where the background subtracted intensity value for each spot is 
reported in an easily exported Excel spreadsheet. The Feature extraction version that I used 
is 10.7.1.1. Each value obtained from Feature Extraction is then normalized to reduce the 
noise which is a common problem encountered in every microarray experiment and also to 
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reduce any variation between the samples other than biological variation so that any real 
interpretation/analysis of the data be conducted (Bolstad et al., 2003b). Microarray data 
analysis was performed by Dr. Emma Laing (FHMS, University of Surrey). Initially, “within 
array” normalisation was conducted: ‘per spot’ normalization is obtained by taking the ratio 
of sample/reference values obtained directly after feature extraction.  
 
 
Figure 3.3: Normalisation data for polysome profiling in S. coelicolor grown in liquid 
culture, microarray experiment represented in box-whisker plots.  
A) Data before normalisation B) Data after Global median normalisation (normalisation 
within arrays) C) Data after across-array normalisation to further compress the data. 
 
 127 
 
This was followed by a ‘per chip’ normalization step where each value obtained from the 
first step is divided by the median value obtained from all the ratios across the chip. This 
data transformation step will push the mean value of each spot towards 1 in linear scale (or 
0 in log2) so that the data distribution across all the slides can be inspected and compared. 
This ‘per spot normalization’  assumes that the majority of the genes across the chips have 
similar expression level and facilitates the discovery of the genes that have a  ‘up’ or ‘down’ 
expression level compared to the majority of the genes. Box plots of array data before and 
after normalisation are shown in Figure 3.3 (Panel A and B).  As an optional step the data 
can be further compressed following an ‘across chip’ normalization step which in our 
analysis was performed by ‘scaling’ the data across all the microarrays that were hybridized. 
This data transformation step will further compress and centre all the data across the 
microarrays on 1 in linear scale or 0 in log scale. Figure 3.3 Panel C shows the normalized 
data after the ‘across array’ normalization.  
 
A boxplot is a convenient means by which to compare the data range between the arrays of 
a dataset. Either end of the box represents the upper and lower quartile. The line in the middle 
of the box represents the median. Horizontal lines, connected to the box by “whiskers”, 
indicate the largest and smallest values not considered outliers. Outliers are values that lie 
more than 1.5 times the interquartile range from the ﬁrst of third quartile (the edges of the 
box). If one or more arrays have intensity levels which are drastically diﬀerent from the rest 
of the arrays, this may indicate a problem with these arrays (Bolstad et al., 2003b). For 
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microarray data, these boxplots are always constructed using log2 transformed probe 
intensity values, as the plot would be virtually unreadable using raw values.   
 Identification of differential expression of genes following heat shock in 
Streptomyces coelicolor cultivated in liquid medium 
Global gene expression analysis was monitored at the transcriptional and translational level 
to provide a comprehensive picture of how this organism adapts to heat stress by changing 
its cellular components. Global gene expression analysis was carried out in parallel on the 
total RNA and on the RNA extracted from monosome and polysome fractions, RNA that is 
therefore being actively translated under normal physiological conditions and under heat 
shock. Historically the differential expression of a gene has been identified by 2-fold 
analyses, where genes with a 2-fold increase/decrease in expression between 
conditions/samples were selected for further interrogation.  
 
To identify statistically significant differentially expressed genes between two conditions 
two tests were commonly used: T-test and Rank-product analysis. Commonly the Welch T-
test that, does not assume that the samples (e.g. expression ratios in normal and heat shock 
conditions) have equal variance, is used to analysed microarray data; an associated p-value 
from the T statistic is obtained. As this test is run many times over a gene list the generated 
p-values are corrected to control the false discovery rate (i.e. the more times the T-test is run 
the more likely that the genes first identified as being significant are not). In our analysis this 
correction was achieved through the use of the Benjamini and Hochberg algorithm, the more 
lenient version of p value correctors which is normally used when a large number of 
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biological replicates is not available – as is often the case with microarray experiments.  A 
gene is considered significantly differentially expressed if its p-value is less than 0.05. The 
significantly differentially expressed gene lists are then corrected for multiplicity of testing 
using the Benjamini and Hochberg algorithm. The more variance between biological 
replicates the less significant genes will be obtained; the t-test is not that robust when it 
comes to large variances (Benjamini and Hochberg, 1995).  An alternative statistical test 
used to identify differential gene expression is Rank Products analysis, a test found to be 
more robust than a T-test when biological replicates have large variance and there are a small 
number of replicates (Breitling et al., 2004).  
 
This test does not use the actual ratios themselves to compute significance, it only ranks them 
(as the name suggests); it checks whether the most up-regulated gene is the most up-regulated 
gene across biological replicates and similarly the most down-regulated gene is the same 
across replicates. With this test the pfp (percentage of false positives) value is used to 
determine significant differential expression between conditions; if a gene has a pfp value 
less than 0.15 then it is considered to be significant in our analysis. A pfp value is generated 
for both up- and downregulation. It is the percentage of false positives (pfp) of a gene when 
sorting data by conditions (Eisinga et al., 2013). Pfp is a correction for multiplicity testing 
and used to lower  the number of false positive results (Jeffery et al., 2006); for example, 
while doing a statistical test for the >8,000 genes so at a cut off of 0.1 % we can expect 8 in 
8,000 genes to be in the list of differentially expressed genes by chance.   
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Figure 3.4: Translatome data for polysome profiling in S. coelicolor in liquid culture.  
[Each dot represents average expression values of a gene. Genes with similar expression 
levels appear along the first diagonal line (in the middle); genes with expression levels that 
are different in the two groups appear above and below this line, respectively, the larger the 
difference the farther away the point will be from the first diagonal line. The two parallel red 
lines mark the limits for 2-fold differences. Panel A is 30°C Average Log (2) Polysome 
bound/Total RNA vs 42°C Average Polysome bound/Total RNA and the 556 genes are 
differentially translated between 30°C and 42°C and are polysome bound. Panel B is 30°C 
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Average Log (2) Monosome bound/Total RNA vs 42°C Average Monosome bound/Total 
RNA and the 1027 genes are differentially translated between 30°C and 42°C and are 
Monosome bound. Panel C compares the mRNA expression (Total RNA) between 30°C and 
42°C which is plotted as 30°C Average Log (2) Total RNA vs 42°C Average Log (2) Total 
RNA in X axis and Y axis respectively.] 
 
Relative changes of mRNA expression (total RNA) compared with mRNA with ribosome 
associations (monosome or polysome bound mRNA) at 30°C and 42°C are shown in Figure 
3.4. The average Cy5/Cy3 fluorescence cDNA/gDNA signal ratios of genes are converted to 
log scale for statistical purposes. Changes of ribosome association between 30°C and 42°C 
are plotted in X and Y axis respectively.  Total number of genes which were transcriptionally 
differentially expressed was ~2796 genes between conditions. There was not much altered 
mRNA expression (i.e very low variance) between the conditions which could be seen by 
the high positive correlation in the distribution of genes in the plot indicating high similarity 
between the replicates.   
 
Potentiated genes are those which are both translationally and transcriptionally upregulated 
at both conditions and they are considered likely to be the key genes responsible for 
responding to the stress (Halbeisen and Gerber, 2009). Using rank product analysis, I could 
identify potentiated genes (Figure 3.5, panels A and B). This identified 329 genes (Panel A) 
that are monosomal bound and upregulated at least-2 fold both translationally and 
transcriptionally between conditions, 584 genes (Panel B) that are polysomal bound and 
upregulated at least 2 fold both translationally and transcriptionally between conditions. The 
dots below the first diagonal line always indicates a downregulation.  
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Figure 3.5: The two dimensional scatter plot of the potentiated genes between two 
conditions 30°C and 42°C.  
A) Average Log (2) 42°C-30°C Total RNA vs Average Log (2) 42°C-30°C Monosome 
bound/Total RNA, B) Average Log (2) 42°C-30°C Total RNA vs Average Log (2) 42°C-
30°C Polysome bound/Total RNA 
 
 
The consistency between the two replicates was extremely high and it was deduced that they 
cannot be considered as true ‘biological’ replicates as the mycelia used for both gradients 
were taken from pooled cultures split in two flasks and subsequently divided in separate 
tubes. Some of the tubes containing cultures were incubated at 42C for 30 min and some 
were kept at 30C as control. ‘Biological replicates 1 and 2’ corresponded to half of the 
cultures incubated at each temperature. Such replicates can be considered as technical (or 
‘biotechnical’) replicates. This could explain the large number of significantly differentially 
expressed genes between conditions because the variance was so low. Some genes in the top 
list of potentiated genes at 42°C (relative to 30°C) are given in the Table 3.3.  
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Table 3.3: List of potentiated genes (heat shock in S. coelicolor at 42°C) and their 
functions 
Gene Potential function  Log2 change 
dnaK DnaK molecular chaperone 4.510 
pdhL Putative Dihydrolipoamide dehydrogenase involved in 
Kreb’s cycle 
4.007 
ahpC Alkyl hydroperoxide reductase subunit C 3.649 
lipA Lipid acid synthetase 3.489 
citA Citrate synthase involved in Kreb’s cycle 3.316 
pstA Phosphate starvation transporter system 3.249 
ssrA tmRNA trans-translation mechanism 3.145 
mdh Malate dehydrogenase involved in Kreb’s cycle 2.957 
clpB Molecular chaperone 2.152 
acsA Acetyl coenzyme A synthetase 2.028 
katA Catalase 2.027 
lon Lon protease  2.003 
 
Several of the the listed genes are functionally related to the heat shock response. For 
example the key dnaK, lon and clp genes are shown to be potentiated; this is perhaps not 
surprising since, from the previous literature it is clear that they have a vital role in the heat 
shock response in Streptomyces and Mycobacterium (Stewart et al., 2002).  Apart from 
known heat shock genes, citA which encodes citrate synthase a TCA cycle enzyme, which is 
also important in keeping the pH of the substrate at a level that does not prevent growth, was 
also potentiated. Without the citA gene, growth of S. coelicolor does not occur (Viollier et 
al., 2001). Another important observation is the potentiation of tmRNA (Transfer- messenger 
RNA) during heat shock. It is also known as 10Sa RNA, encoded by the ssrA gene.  tmRNA 
is a molecule of RNA that has dual functions as both a transfer RNA and a messenger RNA. 
As a tRNA, it recognizes and binds ribosomes stalled by aberrant mRNAs with the help of 
its protein partner SmpB. As an mRNA, it adds a ‘degradation’ amino acid tag to the 
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truncated polypeptide fragments, targeting them for proteolysis during heat shock (Janssen 
et al., 2013). 
 Pathway analysis of differentially expressed genes using the DAVID annotation 
tool 
To further extend the analysis and to identify the major categories of genes which are 
differentially translated between the conditions (30°C and 42°C) the DAVID annotation tool 
was used (Dennis et al., 2003). This pathway analysis using DAVID (Database for 
Annotation, Visualisation and Integrated Discovery) annotation tool was performed by Dr 
Emma Laing (FHMS, University of Surrey). DAVID bioinformatics resources consist of 
integrated biological and analytic tools aimed at systematically extracting biological 
meaning from large gene/protein lists. It’s a high-throughput and integrated data-mining tool, 
to analyse gene lists derived from high-throughput genomic experiments. The procedure first 
required uploading a gene list containing any number of common gene identifiers followed 
by analysis using one or more text and pathway-mining tools such as gene functional 
classification, functional annotation chart or clustering and functional annotation table 
(Huang da et al., 2009). By following this protocol, we were able to gain an in-depth 
understanding of the biological themes in lists of genes. 
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Figure 3.6: DAVID functional annotation chart for pathway analysis of potentiated 
genes  
 
Among ˃1000 genes (potentiated genes both monosome (329 genes) and polysome bound 
(584 genes) which are in the most differentially translated group between 42C and 30C 
conditions in S. coelicolor more than 50 genes encode proteins with unknown function and 
the most represented functional group consists of genes encoding DNA binding proteins 
followed by a group of genes coding for proteins in the oxidation/reduction functional 
category (Figure 3.6). Additionally the data show that a large number of genes are 
differentially translated between the conditions (30°C and 42°C) as shown in Figure 3.5 
DNA binding 
Oxidation/Reduction 
*DAVID Functional Annotation chart  
Among the total gene list (~1000 genes):  Translation up 
more than 2-fold at 42oC, more than 50 genes were not 
classified (hypothetical)  
*Database for Annotation, Visualisation and Integrated 
Discovery  
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because of using technical/biotechnical replicates. Therefore to make use of this data a 
subsequent reanalysis was planned after averaging the data from these two biotechnical 
replicates to create one single biological replicate. However, in order to get data of statistical 
significance at least one other independent biological replicate of the experiment was 
required. Another challenge I faced when preparing mycelial extracts for fractionation was 
to ensure the mycelium is chilled as quickly as possible and lysed immediately. Cooling the 
culture slowly (e.g., by placing the culture flask on ice) could be a reason for very few 
polysomes and predominantly 70S monosomes even though the mycelium was treated with 
chloramphenicol in order to stop translating ribosome at the elongation step (no further 
amminoacids can be added to the nascent polypeptide chain after the chloramphenicol has 
bound to the 50S ribosomal subunits inhibiting the action of peptidyl transferase) 
(Weisberger et al., 1964).  
 
Rapid chilling of mycelium is also recommended to preserve the polysomes but liquid 
cultures in this experiment were centrifuged, and the large initial culture volume had to be 
split into universal tubes, for example a 100 mL culture was split as 20 mL in 5 tubes for 
heat shock. Thus, it is best to shorten the time between cell harvest and cell lysis and the 
lysate can be frozen and stored with almost no change in the polysome profile (Ron et al., 
1966). Therefore another attempt at polysome profiling in S .coelicolor was undertaken on 
solid SMMS medium. With hindsight an alternative strategy would have been to rapidly 
harvest the mycelium from the liquid cultures by vacuum filtration onto filter paper (after 
pouring the culture through ice held in a funnel above the filtration unit). 
 137 
 
3.2.2 Polysome profiling in Streptomyces coelicolor grown on solid SMMS medium 
 
The initial liquid culture experiments had provided an opportunity to establish the polysome 
profiling methods. However, the transcriptome analysis of S. coelicolor from the liquid 
medium demonstrated only a partial activation of the heat shock regulon as the magnitude of 
the heat shock response is relatively lower and less reproducible in heat shocked mycelium 
cultivated in the rich YEME+10.3% sucrose liquid medium when compared with the heat 
shock response observed from the surface-grown supplemented minimal medium (SMMS) 
cultures as previously described by (Bucca et al., 2003). For this reason, and to minimize the 
time gap between mycelial harvesting and cell lysis, it was decided to carry out the heat 
shock in S. coelicolor cultures grown on solid agar medium as previously reported (Bucca et 
al., 2009).  
 
As the Streptomyces bacteria are growing on the surface of a cellophane disc overlaid on the 
solid medium, these discs can be easily transferred from Petri dishes to a solid support of 
3MM paper soaked in medium previously equilibrated at 42°C. In this way a more immediate 
transfer of heat can be obtained which in turn leads to a more efficient induction of the heat 
shock stimulon. The solid medium used was Supplemented Minimal Medium (SMMS) 
which is supplemented with casamino acids to achieve more rapid growth (Kieser et al., 
2000). The S. coelicolor spores were pregerminated at 30°C for 8 h in 2xYT medium and ca 
4 106 germinated spores were plated on each SMMS plate overlaid with cellophane disc 
and incubated at 30°C for 33 h. At this stage of rapid growth, some of the discs with the 
mycelium were transferred at 42°C for the heat shock and incubated for 15 minutes. After 
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that the mycelium was harvested from control and heat shocked cultures and processed as 
described before (Section 2.6.3 and 2.6.4) for polysome profiling. The growth curves were 
followed in parallel and each polysome profiling experiment is detailed in the following 
sections. The amount of biomass harvested from the surface grown cultures of S. coelicolor 
was very high and this ultimately required repeating the experiments with lower biomass to 
get clearer polysome profiles. 
 First experiment (E1): Initial attempt at polysome profiling in Streptomyces 
coelicolor grown on solid SMMS medium 
3.2.2.1.1 Growth curve and biomass measurement  
Unlike liquid media where one can extract cells from the cultures at exponential phase by 
checking the OD450, with surface grown cultures the biomass measurement was followed 
using the protocol below to monitor the growth curve.  Sterile SMMS plates were inoculated 
with 100 µL of 4 x 106 germ tubes and were incubated at 30°C overnight. Millipore filters 
were dried in microwave oven for 10 min. These filters were placed in Petri dishes (three in 
number per time point) with Whatman filter paper in it and their weights were noted. The 
harvested mycelium was transferred from SMMS plates with a spatula onto the dried discs 
at different time points and the filters were weighed after drying in microwave oven for 10 
min. The difference in the weights of the Millipore filters before and after gives the biomass 
measurement of S. coelicolor. A growth curve was plotted against time in h on the x-axis 
and dry biomass in mg on the y-axis. 
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Figure 3.7: Growth curve for biomass measurement of S. coelicolor grown on SMMS 
solid media in first experiment/initial attempt  
 
[The growth curve is expressed in log scale of dry weight (y axis) versus time point expressed 
in hours (x axis). The four known growth stages of S. coelicolor are indicated: rapid growth 
phase 1(RG1), transition phase (T), rapid growth phase 2 (RG2) and stationary phase (S).] 
 
On the basis of the growth curve I selected two time points from which to harvest mycelium: 
33.5 h (rapid growth phase 2) and 84 h (stationary phase) to compare the polysome profiles 
and the heat shock response at both time points (Figure 3.7). 
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3.2.2.1.2 Polysome isolation from Streptomyces coelicolor grown on solid medium – an 
initial attempt  
The cell extract was prepared as described in Section 2.6.3 from the SMMS agar plates. The 
growth curve was monitored and at the desired growth stages the mycelia were harvested. 
Out of 40 sterile SMMS plates with cellophane-attached mycelium from half of the plates 
(20, in which 10 plates were used for replicate 1 and 10 for replicate 2) the cells were 
scrapped and was transferred to a 42°C incubator for 15 min. The heat shocked samples 
along with the mycelia from 30°C (remaining 20 plates, in which 10 plates used for replicate 
1 and 10 for replicate 2) were subsequently resuspended in lysis buffer (~300 mg of biomass 
for each replicate) (Appendix A.9.16) and the cells were disrupted by vortex mixing with 
glass beads for at least 20 sec followed by a series of centrifugation (washing steps) steps to 
remove media components. The cell lysate was then loaded on to sucrose gradients and the 
fractions were collected using ISCO gradient analyser. 
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Figure 3.8: Graphs showing the initial attempt of polysome extraction in S. coelicolor 
grown on solid medium  
 
As seen in the Figure 3.8 (A and B showing) the polysome profiles for replicate 1 were not 
satisfactory either because a good fractionation was not obtained as in the 30C sample or 
the peaks fractions were off the scale indicating overloading of the gradients. Panel B and D, 
showing the polysome profiles of 30°C and 42°C replicate 2, had a clear separation of 
monosome and polysome peaks. The variability between the replicates suggested that the 
protocol needed further refinement the biomass concentration loaded on sucrose density 
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gradient to avoid off scale peaks and get comparable polysome profiles. Therefore another 
attempt was made using cell extracts with less biomass to load on the sucrose gradients. 
Because one of the two replicates gave satisfactory results, RNA was extracted from 30°C 
and 42°C replicate 2 samples and the steps are explained below. 
 
3.2.2.1.3 RNA extraction from polysome fractions and cDNA synthesis 
The collected fractions were pooled together so that monosomes (from fractions 2 to 4) are 
separated from polysomes (from fractions 5 to 12) as shown in Figure 3.8 and the pooled 
samples were LiCl precipitated to remove heparin and washed using 75% ethanol. The RNA 
pellet was air dried for 20 min. The samples were purified again using Mega clear kit (Life 
Technologies). The eluted RNA samples were treated with RNase free DNase (Turbo DNase, 
Life Technologies) for 30 min at 37°C and the RNA was again precipitated by adding 0.1 
vol of 3 M sodium acetate (pH 5.2), 2 µL of glycol blue as carrier and 2.5 vol of 100 % 
ethanol. The solution was mixed well and placed on ice for 2.5 min and incubated at -80°C 
overnight. The sample was centrifuged for 30 min at 4°C at 13,000 rpm and the supernatant 
was carefully removed and the pellet was washed with 1 mL of 75 % ethanol. Pellet was air 
dried and re-suspended in nuclease free water. RNA samples were then quantified by 
spectrophotometry. Total RNA extraction was carried out using the hybrid protocol 
described in Appendix B.1.1 and B.1.2. The monosome fractions had a higher amount of 
RNA than the polysome fractions, 260 nm /280 nm and 260 nm/230 nm absorbance ratios 
were close to 2 indicating high purity of the RNA samples. The integrity of the samples was 
checked further using the Bioanalyser as the degraded DNA or RNA also absorbs at these 
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wavelengths (Appendix B.1.3).  Both monosome and polysome fractions at 30°C and 42°C 
had intact 16S rRNA and 23S rRNA bands with RNA integrity number (RIN) greater than 
8. cDNA was labelled by incorporation of Cy3 or Cy5 dCTP (Amersham) during reverse 
transcription of RNA. RNA (2–10 µg) was mixed with 3 µg random hexamer 
oligonucleotides in 11 µl water, heated to 95 °C and snap-cooled. In a total volume of 25 µl, 
the labelling reaction was initiated by the addition of 5 µl First Strand Buffer, 25 mM DTT, 
1 mM each dATP, dGTP and dTTP, 0.4 mM dCTP, 2 nmol Cy3- or Cy5- dCTP and 500 U 
Superscript II reverse transcriptase (Life Technologies). The reaction was incubated in the 
dark at 25°C for 10 min and then at 42°C for 90 min. The relevant pairs of Cy5- (genomic 
DNA) and Cy3- (RNA from heat shocked and non heat shocked cells) labelled cDNA were 
purified using a Qiagen MinElute kit, eluting in water (Appendix B.1.4) 
 Second experiment (E2): Polysome profiling of S. coelicolor grown on solid 
SMMS medium using less biomass to load on sucrose gradients 
3.2.2.2.1 Growth curve and biomass measurement 
In the second attempt of polysome profiling in S. coelicolor grown on solid SMMS agar, the 
S. coelicolor mycelia were grown as described in the initial experiment on SMMS medium 
on the sterile SMMS plates and the biomass was measured using the same protocol as 
explained in section 3.2.2.1.1. The growth curve is given in Figure 3.9. The mycelium was 
collected at two time points 33.5 h and 42 h during rapid growth stage 2, with reference to 
the growth curve. 
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Figure 3.9: Growth curve for biomass measurement of S. coelicolor grown on SMMS 
solid media in second experiment  
[The growth curve is expressed in log scale of dry weight (y axis) versus time point expressed 
in hours (x axis). The four known growth stages of S. coelicolor are indicated: rapid growth 
phase 1(RG1), transition phase (T), rapid growth phase 2 (RG2) and stationary phase (S).] 
 
3.2.2.2.2 Polysome isolation from Streptomyces coelicolor grown on solid medium- 
second attempt  
The cell extracts were prepared out of a total of 16 sterile SMMS plates, in which eight was 
used for 30°C (four for replicate 1 and four for replicate 2) and the remaining eight was used 
for 42°C (four for replicate 1 and four for replicate 2 ) using the protocol explained in section 
2.6.3. This is roughly equal to 200 mg of biomass in the cell extract loaded on to sucrose 
gradient. The collected polysome fractions were rapidly frozen using liquid nitrogen and 
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stored at -800 C until RNA extraction. The resulting polysome profiles are given in Figure 
3.10. 
 
Figure 3.10: Second attempt of polysome extraction in S. coelicolor grown on solid 
medium SMMS using relatively less biomass to load on sucrose gradient.  
All the profiles were within scale and the peaks for ribosomal subunits, monosomes and 
polysomes could be clearly identified.  
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3.2.2.2.3 RNA extraction from polysome fractions and total RNA pellets 
Several challenges had been faced while extracting RNA from the polysome fractions. There 
were many precipitation steps with column purifications.  One of the main reasons for these 
challenges could be because of using lower amounts of cell extract to load on the sucrose 
gradients. It was a compromise between having enough biomass and getting good polysome 
profiles with clear separation of ribosomes (peaks within scale) from cell extracts prepared 
at rapid growth stage. As a result, three RNA samples from the 33.5 h SMMS cultures were 
lost during the ethanol precipitation step. Therefore, it was decided to repeat the whole 
process of polysome profiling and RNA extraction from the 42 h SMMS cultures and this 
time the RNA obtained was of sufficient amount and quality to proceed to the labelling and 
hybridization on the 2x105K Streptomyces mycroarrays. The nanodrop and bioanalyser 
results are given in Appendix B.2.1-B.2.3. The RNA samples extracted were then labelled 
for cDNA synthesis as explained in Section 2.9.1 (Appendix B.2.4 and B.2.5). 
 
3.2.2.2.4 Microarray data analysis to identify the differential expression of genes at 
42C versus 30 C. 
In pre-processing (Normalization) ‘median within array’ normalisation followed by ‘scale 
across array’ normalisation was performed in 2 batches, one for the 4 samples of total RNA 
and a second batch for the samples of fractionated RNA (monosome and polysome 
fractions). Control probes were filtered out and values (raw signal intensities) were averaged 
across genes (Figure 3.11). In comparison tests; Rank products were calculated using the RP 
 147 
 
Function from “Rank Prod” R package for total RNA 42°C vs 30°C and from monosomes 
and polysomes 42°C vs 30°C. The cut-off threshold for pfp values was set to 0.15.  
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Figure 3.11: Normalisation results for polysome profiling in S. coelicolor grown on solid 
media with fresh cell extract (Second experiment): E2 
A) Raw data B) Global median normalised data (within array) C) Across array normalised 
data (within group: total, or monosome or polysome) following within array.  
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After normalisation a plot of transcriptional differences (42°C vs 30°C) vs translational 
differences (42°C vs 30°C) was generated and it is given in Figure 3.12.  
 
 
Figure 3.12: 2D Scatter plot for average fold changes in transcription and translation 
in 30°C cultures versus 42°C heat shocked cultures.  
[Each circle represents a gene: empty circles represent genes that are not considered to be 
differentially expressed; blue circles, genes significantly differentially expressed at level of 
transcription; green circles, genes significantly differentially expressed at the level of 
translation; red circles, genes significantly differentially expressed genes at both the 
transcriptional and translational level.]    
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The potentiated genes (genes which are upregulated in both transcription and translation at 
42°C compared to 30°C) are given in Table 3.4. The results are striking as all the well-known 
heat shock stress-responsive genes were potentiated: groEL1, dnaK, grpE, groES, and 
groEL2 as observed in liquid grown cultures. Furthermore, we could be more confident with 
the data as the experiment had two biological replicates at 30°C and 42C.  
Table 3.4: List of potentiated genes identified in second experiment from two biological 
replicates  
 
Gene Potential function Log2 change 
SCO7756 Hypothetical protein 3.617 
SCO4762 groEL1 - Chaperonin GroEL, prevents misfolding and 
promotes the refolding and proper assembly of unfolded 
polypeptides generated under stress conditions 
3.566 
SCO1570 ArgH - argininosuccinate lyase 3.342 
SCO3187 Hypothetical protein 3.022 
SCO4761 Co chaperonin GroES; binds to Cpn60 in the presence of 
Mg-ATP and suppresses the ATPase activity of the latter 
2.960 
SCO4296 groEL2; Chaperonin in GroEL; prevents misfolding and 
promotes the refolding and proper assembly of unfolded 
polypeptides generated under stress conditions 
2.917 
SCO1580 ArgC –N-acetyl-gamma-glutamyl-phosphate reductase 2.640 
SCO7755 Hypothetical protein 2.371 
SCO3670 GrpE; Heat shock protein; participates actively in the 
response to hyperosmotic and heat shock conditions by 
preventing the aggregation of stress denatured proteins in 
association with DnaK 
2.326 
SCO3671 DnaK –Molecular chaperone DnaK 2.315 
SCO7036 ArgG – argininosuccinate synthase 2.360 
SCO1579 ArgJ - bifunctional ornithine acetyl transferase/N-acetyl 
glutamate synthase protein 
2.249 
SCO0193 MerR family -DNA binding regulator 2.167 
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The next step in the analysis was to determine the major functional categories of the genes 
which are differentially expressed. In the liquid media experiments, the DAVID annotation 
tool was used for pathway analysis which gave a broad overview whereas here I used 
STRING tool for pathway analysis as it can provide in depth connections between proteins 
and chemicals (Jensen et al., 2009). 
3.2.2.2.5 Pathway analysis using the STRING tool to explore the metabolic 
pathway/activity of the differentially expressed genes at 42°C > 30°C 
STRING is a software tool which integrates information on proteins, chemicals, small 
molecules and gene interactions into a summary network to identify the major activity of a 
set of molecules or, in this study, genes (Kuhn et al., 2014). The basic concept of the tool is 
by treating proteins, chemicals and genes as nodes which are linked by edges if in literature 
they have been reported to interact (Barabasi and Oltvai, 2004). The results are interpreted 
in four different ways: confidence view, evidence view, action view and interactive view. 
The results are created using different sources of text mining, manual evidence and literature 
sources.  In any view the network node is a chemical or a protein. The network edges 
represent predicted functional associations. When clicked on the edge a score will be 
displayed with a detailed evidence breakdown. For each individual evidence type, likelihood 
or relevance scores have been developed (von Mering et al., 2005).  
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Figure 3.13: STRING ‘confidence’ view for the 13 potentiated genes.  
[Protein-protein interactions are shown in blue, chemical-protein interactions in green and 
interactions between chemicals in red and stronger associations are represented as thicker 
lines. STRING tool finds the predicted functional partners of the input gene list to show their 
interactions.] 
The individual scores for a given chemical – protein or chemical – chemical interactions are 
then combined into one overall score. The interactions are then transferred between species 
based on sequence similarity of the proteins (von Mering et al., 2005, Kuhn et al., 2014).  
Figures 3.13, 3.14, 3.15 are examples of different results views which can be obtained from 
STRING. The ‘confidence’ view for the potentiated genes uploaded in STRING is given in 
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Figure 3.13. As expected heat shock proteins DnaK, GroES, GroEL1 and GrpE are clustered 
together which are known to work together to form either the GroES/EL or the DnaK-J-E 
molecular chaperone machines which protect cells against irreversible aggregation of 
cellular proteins and assist in protein refolding during stress conditions (Bukau and Horwich, 
1998, Ewann et al., 2002, Hartl and Hayer-Hartl, 2002, Georgopoulos, 2006).  Recent studies 
indicate the emerging importance of a protein modification mechanism that involves arginine 
phosphorylation in the general stress response of gram-positive bacteria; this is mediated by 
an arginine kinase called McsB, which is known to phosphorylate and inactivates the heat 
shock repressor in Bacillus subtilis (Fuhrmann et al., 2009).  Apart from inhibiting CtsR, 
McsB can also target HrcA heat shock repressors, as well as major components of the protein 
quality control system such as the ClpCP protease and the GroEL chaperonin.  
 
Conversely, quantitative analysis of arginine phosphatase mutants in B. subtilis demonstrated 
the accumulation of large numbers of arginine phosphorylations within proteins (217 sites in 
134 proteins); however only a minor fraction of these sites was further modified during heat 
shock or oxidative stress (Schmidt et al., 2014). Another study, in Staphylococcus aureus, 
showed the presence of a CtsR operator site within the promoter regions of the dnaK and 
groESL operons, upstream from genes encoding subunits of the Clp ATP-dependent 
protease, as in B. subtilis which are controlled by HrcA. The tandem arrangement of the CtsR 
and HrcA operators suggests a novel mode of dual heat shock regulation by these two 
repressors (Chastanet et al., 2003). These findings highlight the impact of arginine 
phosphorylation in orchestrating the bacterial stress response in certain bacteria.  The 
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‘evidence’ view from STRING of differentially expressed genes (monosome-bound) 
between 42°C > 30°C is shown in Figure 3.14. For each individual evidence type, likelihood 
or relevance scores have been developed (von Mering et al., 2005).  
 
 
Figure 3.14: STRING confidence view for genes differentially expressed during 
translation at 42°C > 30°C and were only monosome bound. 
[Different line colours for different type of interaction sources which are neighbourhood, 
gene fusion, co-occurrence, co expression, experiments, databases, predictions, textmining 
and homology] 
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The individual scores for a given chemical – protein or chemical – chemical interactions are 
then combined into one overall score. The interactions are then transferred between species 
based on sequence similarity of the proteins (von Mering et al., 2007).  Many genes seem to 
be co-ordinately regulated when S. coelicolor is exposed to heat shock, including a gas 
vesicle biosynthesis gene cluster (gvpJ1, gvpA1, SCO6501, SCO6506 and SCO6508) (van 
Keulen et al., 2005) . In previous studies in Halobacterium spp. gas vesicle formation was 
found to be associated with exposure to lower temperatures/cold stress (15°C) to increase 
flotation in order to move to a warmer zone (Coker et al., 2007) . Gas vesicles have been 
used as flotation devices by many overtly water-living bacteria but the only previous 
evidence of a soil organism to have gas vesicle genes is Bacillus megaterium.  The benefits 
of gas vesicle gene expression in S. coelicolor are unknown but perhaps such buoyancy 
devices would allow mycelia and attached spores to remain at the oxygen rich surface during 
dispersal and germination in waterlogged soil. The confidence score was higher for co-
occurrence and neighbourhood evidence for the gene cluster (Figure 3.14). It could also be 
because of centrifuging at 4°C the samples immediately after heat shock, which might induce 
cold-shock stress. 
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Figure 3.15: STRING action view for genes differentially expressed during translation 
at 42°C > 30°C and were only polysome bound.  
[Lines and, for directed edges, arrows of different colours stand for different edge types in 
the actions view: binding (blue)z, activation (green), inhibition (red), catalysis (magenta), 
same activity (cyan) and reaction (black)] 
Two important gene clusters were found to be differentially expressed and polysome bound: 
those for pantothenate metabolism genes and beta-carotene biosynthesis genes. Pantothenic 
acid, also called pantothenate or vitamin B5 (a B vitamin), is a water-soluble vitamin. 
Pantothenic acid is used in the synthesis of coenzyme A (CoA. Pantothenic acid in the form 
of CoA is also required for acylation and acetylation, which, for example, are involved in 
signal transduction and enzyme activation and deactivation, respectively and also in fatty 
Pantothenate 
metabolism 
Beta carotene 
gene cluster  
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acid biosynthesis (Gropper, 2009). Studies suggest that heat shock proteins also can 
participate as an additional support system in the regulation of membrane fluidity during 
thermal stress by interacting with lipids and membrane proteins (Mejía et al., 1999).  In a 
study undertaken by (Rathinasabapathi et al., 2006) expression of the E .coli panD gene 
encoding L-aspartate--decarboxylase enzyme in a transgenic tobacco plant increased -
alanine and pantothenate levels and improved thermotolerance. L-aspartate--decarboxylase 
enzyme is an unusual pyruvoyl-dependent enzyme unique to prokaryotes, that undergoes 
limited selfprocessing (happens during stress and dormancy). It has been noted for many 
years that bacteria alter the fatty acyl composition of their lipids and change the degree of 
unsaturation of membrane lipids, in response to changes in environmental temperature. In 
the majority of bacteria, this alteration is mediated by a specific desaturase enzyme which is 
membrane bound. Higher the temperature, lower the ratio between unsaturated and saturated 
fatty acyl chains (Rathinasabapathi et al., 2001). From the above evidence the expression of 
the pantothenate metabolism gene could lead to an increase in fatty acid biosynthesis by 
supporting coenzyme coA formation to manage the membrane fluidity fluctuation. 
 
Beta-carotene/carotenoids are pigment molecules often produced by prokaryotes (Goodwin, 
1980b). These tetraterpenoid compounds have a polyene hydrocarbon chain from eight 
isoprene units. This hydrocarbon backbone can be modified by cyclization and desaturation 
to produce a variety of chemical structures. Carotenoids play two important roles in cells: 
firstly, in photoautotrophic organisms they support the light capturing complexes by acting 
as accessory pigments by absorbing light at the wavelength of 400 to 500 nm and transferring 
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the energy to chlorophyll. Second in both phototrophic and non-phototropic organisms, they 
scavenge harmful agents such as singlet and triplet molecular species produced by 
illumination and protect cells from photo-oxidative damage.  
 
In prokaryotes carotenogenesis can be either constitutive or photoinducible. Prokaryotes like 
Erwinia herbicola  and Rhodobacter capsulatus (Armstrong, 1994) constitutively synthesis 
carotenoids, whereas Myxococcus xanthus (Burchard and Dworkin, 1966), Flavobacterium 
dehydrogenans (Weeks and Garner, 1967) and Sulfobolus spp (Grogan, 1989) produce 
carotenoids in a photoinducible manner. Studies support the role of carotenoids in 
Rhodobacter spp (phototropic bacteria) global signal transduction initiation molecules. On 
the other hand the role of carotenoids in signalling in nonphototropic bacteria is not well 
studied except in M. xanthus, a gram negative gliding bacterium characterized by unique life 
cycle. The study revealed a major role of carotenoids in the signalling pathway from light 
sensing to transcriptional control of biosynthetic genes (Botella et al., 1995, Browning et al., 
2003, Fontes et al., 2003, Lopez-Rubio et al., 2002, Whitworth and Hodgson, 2001). 
 
The genus Streptomyces is known to produce many carotenoids, but the regulation of their 
biosynthesis is poorly understood. Earlier studies (Takano et al., 2005a) revealed that in S. 
ceolicolor carotenogenesis is photo-inducible and its genome sequence confirmed the 
presence of a carotenoid producing gene cluster consisting of two convergent 
operons, crtEIBV and crtYTU: the yellow pigmented carotenoid is not visible in S. coelicolor 
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cultures because it is masked by the production of actinorhodin and prodigiosin, the blue 
diffusible and red intracellular pigment antibiotics, respectively.  
 
In addition to S. coelicolor, S. setonii (Kato et al., 1995) and S. griseus (Lee et al., 2001) are 
the other Streptomyces spp that are reported to produce carotenoids. In all species their 
biosynthetic genes are induced by a a light-induced or stress response sigma factor, σLitS/σcrtS 
which explains the production of carotenoids in streptomycetes either after exposure to 
visible light or exposure to stress.  The differential translation of genes involved in carotenoid 
biosynthesis following heat shock (Figure 3.15) further emphasises the need of 
understanding the reason for carotenoid gene expression in this experiment as it was shown 
previously that an ECF sigma factor, σLitS, is responsible for light-induced carotenoid 
production in S. coelicolor  (Takano et al., 2005b). Apart from the above mentioned two gene 
clusters many hypothetical and membrane bound protein coding genes were differentially 
expressed. 
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Figure 3.16: STRING, action view of genes which were differentially expressed during 
translation and were both monosome and polysome bound at 42°C > 30°C.  
 
Lines and, for directed edges, arrows of different colours stand for different edge types in the 
actions view: binding (blue)°, activation (green), inhibition (red), catalysis (magenta), same 
activity (cyan) and reaction (black) 
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Along with the expected heat shock proteins like DnaJ1, GrpE, DnaK, ClpB and HspR, 
SCO3390 (a two component sensor kinase), genes encoding SigE, LeuA, LeuB, LeuD and 
crtU carotenoid biosynthesis genes were found to be significantly differentially expressed 
and were both monosome and polysome bound at 42°C > 30°C. It was intriguing that 
carotenoid genes were found to be induced in this experiment. However, it was noted that in 
this particular experiment, in order to expose the cultures to 42C we had to use a stationary 
orbital incubator with a glass window that allowed natural light into the cabinet. Normally 
cultures are incubated in static incubators in the dark. Therefore, in this instance the cultures 
were exposed to both a heat shock and a burst of natural light exposure and we hypothesised 
that we were observing light induced transcription and translation; the latter discovery is 
unprecedented. Therefore to separate the influence of heat shock from light exposure it was 
necessary to repeat the experiment in dark.   
 
 Third experiment (E3): Polysome profiling of Streptomyces coelicolor grown on 
solid SMMS medium (without exposure to visible light) 
The protocol for polysome profiling in S. coelicolor was successfully optimized in the 
previous attempt, but the experiment was repeated again with the objective to check whether 
the induction of the carotenoid gene cluster was attributable to (inadvertent) light induction 
or whether it was triggered by the heat shock – and therefore might have a role in 
thermotolerance. In general carotenoids are considered as major pigment molecules 
produced in photosynthetic bacteria, fungi as well as in non-photosynthetic bacteria, fungi 
and yeasts (Armstrong, 1997). Carotenoids provide crucial protection to cells against visible 
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or near UV light and singlet oxygen (Armstrong, 1994, Armstrong, 1997). Because of these 
significant roles carotenoids are produced in response to light illumination via a ECF sigma 
factor CarQ in Myxococcus xanthus (Martínez-Argudo et al., 1998); this response enables 
the bacterium to survive in the ecosystem. Carotenoid biosynthesis is activated a σB-like 
sigma factor σCrtS in S. griseus and S. setonii; the sigma factors belonging to this family are 
stress-responsive (Kovács et al., 1998). It was of interest to establish whether relevant sigma 
factors were induced in S. ceolicolor without visible light exposure. The final experiment 
would enable us to answer these questions and could also be considered as another trial to 
check the consistency of the protocol and the cell extract biomass to load on sucrose gradient 
as.  
3.2.2.3.1 Growth curve and biomass measurement 
Two 30°C versus 42C heat shocked biological replicates were prepared for the final 
experiment. The growth of mycelium on SMMS plates was monitored using the protocol 
explained in section 2.6.2 and the mycelial extracts were collected at the ‘rapid growth stage’ 
of 38 h (Figure 3.17) for cell extract preparation.   
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Figure 3.17:  Growth curve for biomass measurement of S. coelicolor grown on SMMS 
solid media in third experiment.  
[The growth curve is expressed in log scale of dry weight (y axis) versus time point expressed 
in hours (x axis). The four known growth stages of S. coelicolor are indicated: rapid growth 
phase 1(RG1), transition phase (T), rapid growth phase 2 (RG2) and stationary phase (S).] 
3.2.2.3.2 Polysome isolation from Streptomyces coelicolor grown on solid medium- third 
attempt 
The cell extracts were prepared for polysome profiling following the protocol outlined in 
section 2.6.3. Care was taken not to overload the sucrose density gradients with excessive 
biomass and to load roughly equal biomass between the replicates (See section 3.2.2.2.2). 
The prepared cell extracts were immediately loaded on sucrose gradients to avoid any chance 
of RNA degradation and fractionated as described in Section 2.6.4; mycelia were treated 
with RNA Protect bacteria reagent (Qiagen) and stored at -20C s for total RNA extraction 
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at. The polysome profiles given in Figure 3.18, had clear separation of ribosomal subunits, 
monosomes and polysomes.  
 
Figure 3.18: Polysome profiles of S. coelicolor on SMMS solid media harvested at 38 
h: (Third experiment): E3  
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3.2.2.3.3 RNA extraction from polysome fractions and total RNA pellets 
Before extracting RNA the monosome fractions were pooled together and polysomes 
fractions were pooled together. The RNA was extracted from polysome fractions using 
phenol chloroform extraction (Section 2.7.8), LiCl precipitation (Section 2.7.9) and purified 
using mega clear kit (Section 2.7.4).  Total RNA extraction was carried out using phenol 
chloroform extraction (Section 2.7.8) followed by mirVana column purification (Section 
2.7.3). The QC analysis demonstrated that the RNA was of high quality (Appendices: B.3.1- 
B.3.5). The quality of RNA purified in this attempt was comparatively better than the 
previous attempt explained in section 3.2.2.2.3. Possible reasons for obtaining better yields 
of RNA in this attempt could be because long term storage of prepared cell extracts was 
avoided and because the cell extracts were loaded on freshly prepared gradients (gradients 
were prepared a day before the experiment and were stored at 4C, unlike previous 
experiments where the gradients were prepared and stored at -80C until further use).  
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 Combined microarray data analysis using all five biological replicates  
Before proceeding with microarray data analysis the second replicate of the first experiment 
(E1) and two replicates from the second experiment (E2) were included, to form a totasl of 
five biological replicates (Table 3.5).  
Table 3.5 The five biological replicates used for the combined microarray data analysis 
Experiment number Five biological replicates 
First experiment (E1)   
Replicate 1 
Second experiment (E2) Replicate 2 Replicate 3 
Third experiment (E3) Replicate 4 Replicate 5 
 
3.2.2.4.1 Microarray data analysis to identify the differential expression of genes at 
42C >30 C. 
The purpose of this combined analysis was to get a more comprehensive picture of gene 
expression during heat shock at 42°C in S. coelicolor; with adequate replication real 
differences in levels of gene expression can be distinguished from differences caused by 
random variation. This would also reveal whether the induction of the carotenoid 
biosynthesis gene cluster in the second experiment was attributable to heat shock or to 
exposure to light.  Dr. Carla Möller-Levet (University of Surrey) used ‘per spot’ followed by 
‘per chip’ normalisation (global median normalisation or median scale normalisation) as 
proposed by (Yang 2001, Yang 2003) to process the data. The idea is to simply scale the log 
ratio to have the same median absolute deviation across the arrays. Median within-array 
normalisation followed by ‘scale’ across-array normalisation of the total RNA, monosome 
and polysome fractions was performed in two batches. One for the total RNA samples and a 
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second batch for the eight samples of fractionated RNA (from monosomes and polysomes). 
Rank Products analysis was performed using the ‘RP’ function from ‘Rankprod’ R package. 
Four comparisions of the 42°C vs 30°C cultures were performed: differences within 
monosome fraction, within polysome fraction, within total RNA and within monosome and 
polysome fractions combined. In all cases cutoff threshold for pfp (percentage of false 
positives – output from RP) values was set to 0.15.  The results are given in Figure 3.19 
(median normalised).  
 
 
 
Figure 3.19: Scatter plot of fold-changes in transcription and translation of genes in 
mycelium incubated at 30°C versus mycelium heat shocked at 42°C (median 
normalised).  
[The fold changes are plotted in log2 scale. Each data point is a gene and their colours 
represent their differential expression at the translational level (green), or transcriptional 
level (blue) or both red). A: differentially translated monosome-associated genes relative to 
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total RNA fold changes; B, differentially translated polysome-associated genes relative to 
total RNA fold changes; C. differentially translated monosome/polysome-associated genes 
relative to total RNA fold changes; ]  
 
In order to explore the data further Dr C. Möller-Levet performed a separate normalisation 
on the raw data known as quantile normalisation (Figure 3.20). The method is well explained 
and explored by (Yang 2003, Thorne, 2003) and by (Bolstad et al., 2003a). The goal of the 
quantile method is to make the distribution of probe intensities for each array in a set of 
arrays the same. In this method of normalisation each column in the original data set has 
been re arranged in such order that the value goes from lowest to highest. Then a mean was 
taken for each row to determine the ranks. Alongside, the ranking order for the data was 
obtained by determining a rank for lowest to highest values in each column by assigning 
them a certain number/value. Now the mean quantile obtained from each row was taken and 
substituted as the value of the data item in the original data set. These are the new values for 
the data set. The new values have the same distribution and can be now easily compared.  
Figure 3.24 shows corresponding scatter plots for the quantile normalised data, which are 
similar to the median normalised data, indicating that the results are robust. 
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Figure 3.20: Scatter plot of fold-changes in transcription and translation of genes in 
mycelium incubated at 30°C versus mycelium heat shocked at 42°C (quantile 
normalised). This represents the averaged data from all five experiments. 
 
[The fold changes are plotted in log2 scale.   Each data point is a gene and their colours 
represent their differential expression at the translational level (green), or transcriptional 
level (blue) or both red). A: differentially translated monosome-associated genes relative to 
total RNA fold changes; B, differentially translated polysome-associated genes relative to 
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total RNA fold changes; C. differentially translated monosome/polysome-associated genes 
relative to total RNA fold changes; ]  
 
3.2.2.4.2 Functional Enrichment Analysis 
Dr. E. Laing generated 15 significantly differentially expressed gene lists from the 
normalised data generated by Dr. C. Möller Levet and has evaluated their functional 
categories. The total list of genes which are significantly differentially expressed during 
translation and transcription are given in Appendix B.4. Tables 3.6 gives the list of 
potentiated genes which are both transcriptionally and translationally up-regulated following 
heat shock.  
Table 3.6: Genes both transcriptionally and translationally upregulated following heat 
shock (Potentiated genes).  
 
SCO number Gene ProteinName Log2 
change 
SCO0193  Putative DNA-binding regulator 3.766 
SCO0231  Uncharacterized protein 3.727 
SCO0517  Uncharacterized protein (Fragment) 3.682 
SCO0600 sigB RNA polymerase sigma factor sig8 (SigB) 3.649 
SCO0678  UPF0337 protein SCO0678 3.580 
SCO0679  Uncharacterized protein 3.558 
SCO0693  Putative membrane protein 3.444 
SCO0827  Uncharacterized protein 3.287 
SCO1713  Uncharacterized protein 3.281 
SCO2315  Putative membrane protein 3.231 
SCO2486  Putative nitrite reductase NirB 3.207 
SCO2488  Putative nitrite reductase small subunit NirC 3.109 
SCO3111  Putative ABC transport system ATP-binding 
protein 
3.036 
SCO3187  Uncharacterized protein 2.759 
SCO3668 hspR Putative heat shock protein HspR 2.707 
SCO3669 dnaJ1 Chaperone protein DnaJ 1 2.664 
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SCO3670 grpE Protein GrpE (HSP-70 cofactor) 2.556 
SCO3671 dnaK Chaperone protein DnaK (HSP70) (Heat shock 70 
kDa protein) (Heat shock protein 70) 
2.535 
SCO3802  Putative membrane protein 2.532 
SCO4005  Putative RNA polymerase sigma factor 2.532 
SCO4198  Putative DNA-binding protein 2.509 
SCO4199  Uncharacterized protein 2.419 
SCO4296 groEL2 60 kDa chaperonin 2 (GroEL protein 2) (Protein 
Cpn60 2) 
2.410 
SCO4317  Uncharacterized protein 2.384 
SCO4761 groES 10 kDa chaperonin (GroES protein) (Protein 
Cpn10) 
2.325 
SCO4762 groEL1 60 kDa chaperonin 1 (HSP58) (Protein Cpn60 1) 
(groEL1 protein) 
2.296 
SCO4903  Putative membrane protein 2.275 
SCO5285 lon Lon protease (EC 3.4.21.53) (ATP-dependent 
protease La) 
2.268 
SCO5917  Uncharacterized protein 2.220 
SCO6499  Putative gas vesicle synthesis protein 2.185 
SCO7238  Uncharacterized protein 2.133 
SCO7278  RNA polymerase sigma factor 2.131 
SCO7325  Anti-sigma factor antagonist 2.089 
SCO7442  Uncharacterized protein 2.066 
SCO7446  Putative regulator 2.053 
SCO7646  Putative membrane protein 2.047 
SCO7754  Putative anti-sigma factor antagonist 2.005 
SCO7755  Uncharacterized protein 2.005 
SCO7756  Uncharacterized protein 2.002 
Table 3.7 Genes significantly differentially expressed during transaltion and not in 
transcription following heat shock. 
SCO 
number 
Gene ProteinName Log2 
change 
SCO2315  Putative membrane protein 2.201 
SCO3110  Putative ABC transport system integral protein 2.102 
SCO3111  Putative ABC transport system ATP binding protein 2.100 
SCO3661  ATP-dependant protease ATP-binding subunit 2.095 
SCO3956  Putative ABC transporters ATP binding protein 2.083 
SCO3957  Possible integral membrane protein 2.088 
SCO3958  ABC transporter ATP-binding protein  2.019 
SCO4005  Putative RNA polymerase sigma factor 2.001 
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SCO4317  Hypothetical protein 1.923 
SCO4624  Hypothetical protein 1.825 
SCO4688  Conserved hypothetical protein 1.801 
SCO5285  ATP-dependant protease 1.738 
SCO5917  Conserved hypothetical protein 1.725 
SCO6091  Putative integral membrane protein 1.628 
SCO7238  Hypothetical protein 1.278 
 
Table 3.8: Transcription and translation upregulated following heat shock (Potentiated 
genes): gene ontology enrichment analysis using an enrichment analysis tool called 
Ontologizer.   
 
Gene_Ontology_identifier Description GO_term 
GO:0005488 binding molecular_function 
GO:0005515 protein binding molecular_function 
GO:0006457 protein folding biological_process 
 
Functional enrichment analysis was carried out using the command line based version of the 
gene ontology (GO) enrichment analysis tool, Ontologizer. In addition to the specific gene 
(converted to protein) list to be analysed, inputs to the Ontologizer programme comprised 
the following: up to date Gene Ontology annotation (association) information for the S. 
coelicolor reference proteome (UniProt reference: UP000001973), obtained from the 
UniProt-GOA repository hosted at EMBL-EBI (http://www.ebi.ac.uk/GOA) on 1st April 
2015; Gene Ontology mappings, documented in OBO format, downloaded from 
geneontology.org (http://geneontology.org/ontology/go.obo), also downloaded on 1st April 
2015; the entire reference proteome containing 8,038 proteins as a background, downloaded 
from Uniprot (www.uniprot.org) on 1st April 2015; and Parent-Child-Union calculation. All 
raw p-values obtained from Ontologizer were corrected using Benjamini and Hochberg 
correction in R (p.adjust).  
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One of the main uses of the GO is to perform enrichment analysis on gene sets. For example, 
given a set of genes that are up-regulated under certain conditions, an enrichment analysis 
will find which GO terms are over-represented (or under-represented) using annotations for 
that gene set and can find functional annotations (e.g., metabolic pathways, cellular 
processes, etc) that test gene sets are significantly associated with, thus providing insight into 
biological roles of a specific set of genes.  
3.3 Discussion 
This study has demonstrated that control at the level of translation is central to the regulation 
of the heat shock response in Streptomyces coelicolor. This control is exerted over and above 
the transcriptional induction of the genes. Such ‘potentiation’ represents an efficient 
mechanism for adapting rapidly to an environmental perturbation. The list of potentiated 
genes obtained from the combined analysis of the replicates include all the well-known heat-
inducible genes including hspR, dnaJ1, grpE, dnaK, groEL1/groEL2, groES and lon.  A 
dramatic upregulation in chaperone capacity was previously observed on shift to high 
temperatures, such as 46°C, with DnaK and GroEL accounting for as much as 20% of cellular 
protein (Herendeen et al., 1979, Bukau, 1993). The rapid synthesis of co-chaperones, such 
as DnaJ and GrpE, as well as of the Lon and Clp proteases is also observed under these 
conditions. The major molecular chaperones that are both transcriptionally and 
translationally upregulated under stress in this experiment have the important role maintain 
protein quality control during stress conditions which favour protein misfolding with the 
consecutive formation of protein aggregates which are toxic to the cell. Nascent polypeptides 
 174 
 
are particularly prone to misfolding. Their primary role of molecular chaperones is to prevent 
protein aggregation by reversibly binding to the hydrophobic aminoacids which are normally 
buried in the tertiary structure of proteins. By binding to hydrophobic surfaces exposed by 
partially unfolded proteins the molecular chaperones effectively ‘hold’ the unfolded 
polypeptide avoiding the formation of protein aggregates and at the same time they favour 
the correct folding by successive cycles of binding and release.  
 
This could be the main reason for upregulation of many genes encoding molecular 
chaperones which are involved in ‘holding’ proteins that have become unfolded or misfolded 
during heat shock minimizing the formation of protein aggregates. After the heat shock 
molecular chaperones also facilitate refolding of proteins as the normal physiological 
conditions return. Between the genes which are upregulated at 42°C is pantothenate gene 
cluster. A possible explanation for the increased expression of this cluster could be to aid in 
the fatty acid biosynthesis to help balancing the membrane fluidity during heat shock. In 
addition we have found the upregulation of putative gas vesicle synthesis during heat shock. 
The function of these gas vesicle protein were not well understood in Streptomyces, as there 
were no evidence of gas vesicle presence in it. The gas vesicle proteins can have different 
functions in Streptomyces which has to be studied. Furthermore, there were no carotenoid 
biosynthesis genes found to be differentially expressed in this combined analysis which 
indicates that the earlier findings of differential expression of the carotenoid genes are likely 
to have been attributable to the concomitant light exposure during the 15 minute heat shock 
exposure.  
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SigB was found to be significantly upregulated. In previous studies SigB has been largely 
attributed to be induced during osmotic stress, salt stress and in formation of aerial hyphae 
in Streptomyces (Viollier et al., 2003). In B. subtilis a general stress response stimulon under 
the control of a single sigma factor (SigB) induces 200 genes, including its own promoter, 
when the bacterium is exposed to different physiological and environmental stresses such as 
heat, salt or ethanol shock. In S. coelicolor these stresses are found to induce independent 
sets of proteins and its genome encodes nine SigB paralogues. SigB activity is regulated 
post-translationally by protein-protein interactions (Viollier et al., 2003). One common 
mechanism of regulation of sigma factor activity is the reversible interaction with their 
specific negative regulators, anti-sigma factors. The activity of anti-sigma factors can be 
regulated by a cascade of other proteins, as exemplified by the regulation of stress responses 
in B. subtilis, where the binding of RsbW anti-sigma factors to SigB is regulated by its 
antagonists, RsbV anti-anti-sigma factors. S. coelicolor encodes numerous anti-sigma factors 
(RsbW orthologues) and anti-anti sigma factors (RsbV orthologues). Therefore, unlike other 
bacteria in which various stresses induce the expression of similar protein sets, in S. 
coelicolor heat, salt, osmotic and ethanol-stress stimulons are composed of independent sets 
of proteins (Viollier et al., 2001). Overall there could be a potential role for SigB following 
heat shock. The co-expression and upregulation of SCO7325 and SCO7754, coding for anti-
sigma factor antagonists further strengthens the possible role of SigB in heat shock response 
in S. coelicolor. 
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The two other important genes which are found to be upregulated by heat shock are nirB and 
nirC, encoding nitrite reductase and nitrate reductase respectively. These enzymes are used 
in nitrogen assimilation. External sources of nitrogen can be organic or inorganic; they are 
transported into the cell and then converted to ammonium and amino acids. Nitrogen 
obtained from protein sources are acted upon by proteases releasing peptides that are further 
broken down to amino acids. Nitrate is an inorganic form of nitrogen. Nitrate is reduced to 
nitrite by the enzyme nitrate reductase and nitrite is then reduced to ammonia by nitrite 
reductase. Ammonia can then readily incorporated into amino acids (Tiffert et al, 2008) It is 
perhaps not surprising that these genes were upregulated, as the heat shock stress affects the  
amino acid biosynthesis pathways and organic nitrogen biosynthesis pathways, demanding 
supply of ammonia and amino acids. Also due to change in membrane fluidity transport of 
ammonia and amino acids, in addition to the observed upregulation of gas vesicle synthesis 
genes, regulatory protein coding genes, nitrogen assimilation genes and SigB, many genes 
encoding predicted membrane proteins and uncharacterized protein were observed. In 
bacteria, proteins are mainly synthesized in the cytosol and are exported to cell envelope or 
to the extra cellular environment by efficient protein transport systems. To facilitate the 
protein transport across the membrane bacteria are equipped with many membrane 
embedded proteins (Renuka 2013).  
 
Apart from protein transport some of these proteins are involved in antibiotic production 
(Xie 2009), sporulation in aerial hyphae (Ausmees 2007), drug resistance, energy transfer 
and heat shock (Toshiaki Itohara 1998). Overall this study demonstrated a broad and co-
 177 
 
ordinated transcriptional and translational regulation of the stress response in S. coelicolor 
and predicting the molecular functions of these uncharacterized proteins and in depth 
analysis of their role in heat shock response will reveal more information about heat shock 
regulation in S. coelicolor. The work presented in this chapter covered the optimisation of 
polysome profiling in S. ceolicolor in both liquid and solid media. Analysis of the RNA from 
these profiling experiments has provided a number of new insights into the importance of 
translational control in the stress response. Before submitting this work for publication it is 
expected that the transcript levels of a selection of key genes will be independently verified 
by quantitative real time qPCR. Other ways to validate the results are by carrying out 
knockout studies of the isolated genes, western blotting for the proteins and conducting 
metabolic assays. 
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3.4 Summary 
 The protocol for polysome extraction from S. coelicolor was successful.  
 Using the optimised protocol, polysome extraction was carried out with heat shocked 
samples from two biological replicate of S. coelicolor.  
 RNA was prepared from the polysome fractions and labelling was carried out.  
 After QC checks, Microarray hybridization was carried at Department of Microbial 
and Cellular Sciences, FHMS Core Facility at University of Surrey 
 The list of significantly differentially expressed genes between the conditions 
(wildtype vs heat shocked) which are both transcriptionally and translationally 
upregulated and translation-only regulated genes were found.  
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Polysome profiling in Mycobacterium bovis (BCG) 
4.1 Introduction 
This chapter describes experiments to analyse the polysome profiles of Mycobacterium bovis 
BCG including analysis of the RNAs associated with the ribosomes. M. bovis BCG is an 
attenuated strain of M. bovis which has been widely used as a vaccine against tuberculosis 
disease. Sequencing of mycobacterial genomes has revealed 99.95% sequence similarity 
between M. tuberculosis and M. bovis and BCG. In addition, despite overall attenuation of 
virulence, BCG retains much of the molecular architecture and physiological responses 
necessary for infection. Thus BCG has been commonly used as a model organism for fully 
pathogenic M. tuberculosis and M. bovis. This has allowed the use of complicated 
methodologies which are relatively easy to perform at containment level 2 but difficult at the 
higher level 3 containment required for work with the fully virulent Mycobacteria. For this 
reason, BCG was chosen for these polysome profiling experiments. M. tuberculosis complex 
bacteria reside in macrophages where they encounter many stress conditions such as nitric 
oxide generated by inducible nitric-oxide synthase, nutrient starvation or carbon limited 
condition, and reactive oxygen species (Gallo et al.) by the phagosomal NADPH oxidase 
(Farhana et al., 2010, Ehrt and Schnappinger, 2009, Beste et al., 2007, Butler et al., 2010, 
Axelrod et al., 2008). The bacterium responds to the stress conditions by genome wide 
changes in gene expression including the induction of a transient expression of, a well 
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conserved set of genes encoding heat shock or heat stress proteins. A large number of studies 
has been undertaken to study the transcriptional regulation of genes in M.tuberculosis and 
BCG under such stressful conditions such as heat, reduced oxygen or hypoxia, nutrient 
starvation, reactive nitrogen intermediates (RNI) antimicrobial molecules and downshift in 
pH (Chan et al., 1992, Farhana et al., 2010, Firmani and Riley, 2002, Wayne and Sohaskey, 
2001). Until this thesis, there have been no studies in Mycobacteria which examined the 
translational control of gene expression at a global level. 
 
Therefore this study used M. bovis BCG as a model organism to study translational regulation 
of gene expression during heat shock using the polysome profiling technique performed on 
S. coelicolor and explained in chapter three. Polysome analysis was previously studied in M. 
tuberculosis and M. smegmatis to examine the VapC toxin anti-toxin system by heterologous 
overexpression of the toxins in E. coli (Sharp et al., 2012) and directly in M. smegmatis to 
study ribosome stability (Trauner et al., 2012). To our knowledge, at the beginning of this 
project, there are no studies describing the analysis of polysomes in slow growing 
Mycobacteria of the M.tuberculosis complex and there are no studies characterising the 
mRNA/tRNAs that associate with the ribosomes/polysomes in any Mycobacterium. 
Moreover, there were no previous studies related to translational control of heat shock 
response in M. bovis BCG. Therefore this chapter describes preliminary experiments to 
optimise the protocol for isolation of polysomes from M. bovis BCG and purification of 
associated RNA for subsequent analysis by next generation sequencing. Secondly, this 
chapter reports an experiment that successfully combines polysome profiling and RNA 
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sequencing to demonstrate the occurrence of translational regulation during the 
mycobacterial heat shock response and identifies translationally regulated heat shock genes, 
providing a snapshot of translational control during heat shock stress.  
4.2 Results 
4.2.1 Optimisation of Polysome profiling protocol in Mycobacterium bovis BCG 
 Method 1: Preliminary attempt to isolate polysomes in Mycobacterium bovis 
(BCG) using cell disruption with 3-5 mm glass beads as optimised for Streptomyces 
coelicolor  
The initial attempt for polysome extraction in M. bovis (BCG) at 37º C was carried out using 
the same protocol as for S. coelicolor which involved cell disruption with 3-5 mm diameter 
glass beads (Section 3.2.1).  100 mL of M. bovis (BCG) was grown with agitation at 37°C in 
Middlebrook 7H9 broth (Difco) containing 10% albumin/dextrose (glucose)/catalase  
enrichment or on Middlebrook 7H11 agar medium (Difco) containing 10% oleic 
acid/dextrose (glucose)/albumin/catalase (OADC) enrichment. The cultures were grown to 
late log phase which is A600, OD = 0.7 (where 1 OD600 = 4.5E8 cells/ml) (Vandeventer et al., 
2011) And then the ribosomes were stalled by addition of 80 µg/mL of chloramphenicol (1 
min incubation). The cells were then harvested at 4ºC by centrifugation in 50 mL universal 
tubes. Cell extract was prepared from the cultures using the same protocol as in S. coelicolor 
involving resuspension of BCG in 1 ml of lysis buffer and vortexing with 3-5 ml glass beads 
in a 15 ml centrifuge tube (4 times 15 secs) (Section 3.2.1). The cell extract was cleared by 
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centrifugation at 6000 rpm and loaded on sucrose density gradients, centrifuged for 2h at 4ºC 
at 38000 rpm and the polysome fractions were collected using ISCO gradient analyser. The 
results are given in Figure 4.1.  
 
Figure 4.1: Graphs showing the initial attempt of polysome extraction in BCG  
Cells were treated with 80µg/ml of chloramphenicol, centrifuged and pellets homogenized 
by glass beads (mechanical disruption). After centrifugation, the extract was overlaid onto 
10%-50% linear sucrose gradients and fractionation examined with an ISCO gradient 
analyser. 
 
Figure 4.1 shows that ribosome subunits, monosomes and polysomes were not separated or 
simply not present. The possible reasons for poor polysome profiles could be improper cell 
lysis or inadequate biomass in the cell extract. Therefore the experiment was repeated with 
heat shock stress in M. bovis (BCG) with an optimised culture volume and an alternative cell 
lysis method.  
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 Method 2: Isolation of polysomes from Mycobacterium bovis (BCG) using bead 
beating to disrupt mycobacterial cell wall 
In this attempt the M. bovis (BCG) cells were lysed by using a micro-dismembrator 
(Sartorius) followed by vortexing with glass beads (0.1mm diameter). The lysed biomass 
was frozen in liquid nitrogen and again lysed vigorously in the micro-dismembrator. After 
the mechanical disruption the extract was cleared by centrifugation and separated through a 
sucrose gradient as before.  
 
Figure 4.2: Second attempt of polysome extraction in M. bovis (BCG) using cell lysis 
by micro-dismembator.  
A polysome profile was successfully produced in replicate 1 but not replicate 2. 
 
From Figure 4.2 it can be observed that replicate 1 had a good monosome peak followed by 
little polysome peaks but replicate 2 had no peaks. This variability between replicates 
suggested that the protocol needed further refinement to make it more robust. It was 
suspected that the lysis was not consistent between samples. Therfore another attempt was 
made using a different cell lysis protocol. 
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 Method 3: Optimised polysome isolation using fast prep lysis method to ensure 
efficient disruption of mycobacterial cell wall 
In the third attempt to further improve the optimisation of polysome profiling from M. bovis  
(BCG), the fast prep machine (Thermo savant FP120) was used to lyse the cells  with 0.1 
mm lysing matrix A (MP) glass beads for 2, 4 or 6 cycles of 15 seconds at a speed of 6.5 
(Rustad et al., 2009). After each 15 sec cycle of lysis the samples were kept in ice to cool 
down before the next lysis cycle. Apart from lysis using FastPrep machine, the procedure for 
cell extraction was the same as in the previous attempts (Section 4.2.1.1 and 4.2.1.2).  The 
extract was separated by sucrose gradient centrifugation as before and visualised on the ISCO 
gradient analyser. 
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Figure 4.3: Polysome profiling in M. bovis (BCG) using the Fast prep disruption 
[In the third attempt to further improve the optimisation of polysome profiling from BCG, 
the Fast Prep machine (Thermo savant FP120) was used to lyse the cells with 0.1 mm lysing 
matrix A (MP) glass beads at a speed of 6.5.  A. polysome profile after 2 cycles of 15 secs; 
B. polysome profile after 4 cycles of 15 secs; C. polysome profile after 6 cycles of 15 secs] 
 
Although shorter peaks can be noticed in the polysomal profiles, compared to S. coelicolor 
the peaks were not prominent. Monosome and polysome peaks were visible in cell extracts 
lysed for 2 x 15 secs but better peaks were visible in the extract lysed for 4 x 15 secs. After 
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6 cycles of lysis there were no peaks. Thus, it appeared that 6 cycles of lysis had disrupted 
the ribosomes/polysomes. Therefore it was concluded that 4X lyse cycle can result in better 
polysome isolation. In the further attempts, 4X lyse cycle was used for cell extract 
preparation in, M. bovis (BCG). It was also noticed in some extracts that there was an 
appearance of a white ring like precipitate in the top third of the sucrose gradient after the 
ultracentrifugation step. The white material was suspected to be lipid from the mycolic acid-
rich mycobacterial cell wall. This appeared to affect separation/visualisation of the ribosome 
fractions (profiles not shown) and thus a step was added to remove the precipitate by 
centrifugation at 30000 rpm for 60 minutes at 4oC. After centrifugation the samples were 
treated with 20U/ml of DNAse for 20 minutes and filtered with 0.2 mm filter, which resulted 
in a clear solution of cell extract.  This completed the optimised protocol for BCG lysis and 
polysome isolation. 
 Isolation of RNA from polysome/ribosome fractions 
Having established the method for isolation of monosomes/polysomes from BCG, the next 
objective was to extract RNA from these fractions in a clean, undegraded form that would 
be suitable for RNA seq analysis. Polysome profiles of BCG were prepared using the 
optimised procedure (Figure 4.4) 
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Figure 4.4: Polysome profile of M. bovis BCG which were collected for RNA extraction 
 
 
Monosome and polysome containing fractions were pooled as shown in Figure 4.4 and RNA 
extractions were carried out using Lithium Chloride precipitation (Section 2.7.9), DNAse 
treatment and the MirVana protocol (Section 2.7.3). In addition, Total RNA was extracted 
from culture samples reserved before fractionation using Trizol and then the Direct-Zol 
Zymo spin filter kit (Section 2.7.5). The quality and quantity of the RNA was assessed by 
Nano drop spectrophotometry and Bioanalyzer (Figure 4.4) (Appendix C.1.). There was 
sufficient RNA for subsequent sequencing and visually it appeared of good quality (Figure 
4.5). 
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Figure 4.5: Bio analyser results for RNA samples extracted using Lithium chloride 
precipitation and mirVana method for polysome/monosome fractions and Direct Zymo 
Spin Filter method for total RNA results.   
Lane 1 – Monosomes, Lane 2 – Polysomes, Lane 3 – Fraction 5, 6, Lane 4 – Total RNA 
 
The RNA samples were sent to Dr. Terasa Cortes at NIMR (National Institute of Medical 
Research) for sequencing.  Briefly 2 µg of RNA was taken for ribosomal RNA depletion 
using the Ribo-Zero Magnetic Kit. Then 50 ng of the rRNA depleted RNA was used to 
prepare the cDNA libraries using the ScriptSeq v2 kit.  Before sequencing, another bio-
analyser was performed by the NIMR sequencing lab to check the purity and integrity of the 
cDNA samples from library preparation (Figure 4.6). 
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Figure 4.6: A- cDNA prepared from Total RNA, B – cDNA prepared from Monosomes, 
C – cDNA prepared from Polysomes,  
 
cDNA was successfully made from the total RNA sample but failed to be produced from the 
RNA derived from monosome or polysome fractions. Since the libraries were made at the 
same time, the lack of amplification for polysomes and monsomes samples was not due to 
library preparation issue. It would be possible that the RNA from monosomes/polysomes 
only contained ribosomal RNA and no mRNA. This would explain why the monosome and 
polysome samples did not produce any cDNA after rRNA depletion. A further explanation 
for the failure to synthesise cDNA in these samples is that some heparin could remain in the 
RNA fractions. Heparin is an inhibitor of reverse transcriptase and thus must be completely 
removed from the sample before cDNA synthesis. Thus additional cleanup steps were added 
to the RNA purification protocol used in the heat shock experiment below. 
 
 
 
A C B 
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4.2.2 Polysome profiling of heat shocked Mycobacterium bovis (BCG) cells from two 
independently grown biological replicates 
The M. bovis BCG cultures (400ml) were grown in roller bottles at 37ºC to an OD600 of 
approximately 0.7 and then split into 50 ml aliquots in Falcon tubes and incubated in a water 
bath at either 37ºC or 45ºC for 30 minutes. The cells were then harvested and a cell lysate 
prepared as described above (Sections 4.2.1.3 and 2.4). The cell lysates were fractionated on 
a sucrose gradient. The results of polysome profiles from two independent replicate 
experiments carried out on different days are given in Figure 4.7. The monosome peak was 
much more prominent in replicate 2 and this may reflect that the cultures in the two 
experiments were not at exactly the same growth phase despite monitoring of OD600. 
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Figure 4.7: Polysome profiling of heat shocked M. bovis (BCG) cells from two 
independently grown biological replicates 
 
RNA extraction from the pooled polysome and monosome fractions was performed as 
follows: Sodium acetate precipitation; DNase treatment; LiCl precipitation (2.7.9) and a final 
clean-up with the Direct-Zol Zymo spin filter kit. Total RNA extraction was done using 
Trizol followed by an additional phenol chloroform extraction step (Section 2.7.8). The 
quality of the RNA preparations was assessed as good by assay using the Bio-analyser with 
defined ribosomal RNA bands representing the 16S and 23S RNA (Figure 4.8) 
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Figure 4.8: Bioanalyser result for monosome and polysome samples.  
Lane 1 - 37ºC R1 Monosomes, Lane 2 - 37ºC R1 Polysomes, Lane 3 - 37ºC R2 Monosomes, 
Lane 4 - 37ºC R2 Polysomes, Lane 5 - 45ºC R1 Monosomes, Lane 6 – 45ºC R1 Polysomes, 
Lane 7 - 45ºC R2 Monosomes Lane 8 - 45ºC R2 Polysomes, Lane 9 – 37ºC R1 Total RNA, 
Lane 10 – 37ºC R2 Total RNA, Lane 11 – 45ºC R1 Total RNA, Lane 12 – 45ºC R2 Total 
RNA 
*R1-Replicate 1, R2- Replicate  
The quantity of RNA was assessed by Nanodrop after each step in the purification process 
and the final RNA yield for each sample of polysomes, monosomes and total RNA from 
37°C and 45°C samples was assessed by Qubit spectrophotometer (Table 4.1) RNA yield 
was quite high ranging from 150 ng/µL to 350 ng/µL for polysome fractions and from 890 
ng/µL to 1700 ng/µL for total RNA in a total elution volume of 25 µL. The extracted RNA 
were stored at -80°C before being sent to NIMR for RNASeq analysis.  
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Table 4.1: Qubit assessment of RNA yield from polysome and monosome fractions 
and total RNA 
Sample Nucleic Acid Unit Yield (in 25 µL) Unit 
37°C R1 Monosomes 162 ng/µL 4.0 µg/µL 
37°C  R1 Polysomes 120 ng/µL 3.0 µg/µL 
45°C  R1 Monosomes 486 ng/µL 12.150 µg/µL 
45°C  R1 Polysomes 140 ng/µL 3.5 µg/µL 
37°C B R2 Monosomes 156 ng/µL 3.9 µg/µL 
37°C B R2 Polysomes 128 ng/µL 3.2 µg/µL 
45°C B R2 Monosomes 490 ng/µL 12.250 µg/µL 
45°C B R2 Polysomes 136 ng/µL 3.4 µg/µL 
37°C replicate 1 Total RNA 1780 ng/µL 44.5 µg/µL 
37°C replicate 2 Total RNA 806.1 ng/µL 32 µg/µL 
45°C replicate 1 Total RNA 896.7 ng/µL 37 µg/µL 
45°C replicate 2 Total RNA 1580 ng/µL 39.5 µg/µL 
 
(*R1- Replicate 1, R2- Replicate 2) 
 
 
4.2.3 Identification of differentially expressed genes during transcription and 
translation between conditions (37°C vs 45°C)  
RNA seq data analysis was performed by Dr. Carla Moller Levet (FHMS Bioinformatics 
Core Facility, University of Surrey) using edgeR package (Section 2.10.5.6). The reads were 
mapped against M. bovis (BCG) genome. The data generated has the list of genes which are 
P value and FDR value corrected with relative fold change (FC) for each gene (the 
explanations about why and how these values has to be calculated are given in Section 2.10.5. 
Using these values Dr. Carla has given scatter plots and also provided the list of significantly 
differentially expressed genes at different conditions such as during transcription, translation 
and in both transcription and translation at 45°C. The scatter plots are given in Figure 4.7 
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and 4.8. The scatter plots have positive data correlation indicating how strongly pairs of 
variables are related in the plot.  
 
Figure 4.8: Scatter plots with P value threshold ≥0.05 
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Figure 4.9: Scatter plots with FDR threshold ≥ 0.5 
[The fold changes are plotted in log2 scale. Each data point is a gene and their colours 
represent their differential expression at the translational level (green), or transcriptional 
level (blue) or both red). A: differentially translated monosome-associated genes relative to 
total RNA fold changes; B, differentially translated polysome-associated genes relative to 
total RNA fold changes; C. differentially translated monosome/polysome-associated genes 
relative to total RNA fold changes.] 
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The cut-off value selected for P value based scatter plots is ≥ 0.05 and for FDR value based 
plots is ≥ 0.5. The list of significantly differentially expressed genes are given in Table 4.2 – 
4.5. In the list of significantly differentially expressed genes there is a column for relative 
fold change for each gene and while selecting the genes for further processing, the fold 
change threshold/cut-off can be manipulated according to the set of genes one expects to be 
in the results. In other terms depending on the genes which one wants to select in the list, for 
example here such genes are heat shock genes (which are supposed to be expressed during 
heat shock stress) and the follow up experiments such as qPCR for validation, the cut-off 
threshold for fold change can be changed. Usually genes which has two fold higher (positive 
fold change values) and lower expression (negative fold change values) are considered as 
significantly differentially expressed genes at that condition. Therefore to have more 
stringent analysis, the FDR corrected gene list was selected, in which taking into account of 
genes which had more than or equal to two fold change expression for further analysis.  
Table 4.2: List of genes significantly differentially expressed during transcription at 
45°C vs 37°C (FDR corrected) 
 
Gene ID Symol Function T_FC 
BCG_1106c NA hypothetical protein 2.699 
BCG_2486c NA hypothetical protein 3.317 
BCG_2537c NA hypothetical protein 2.519 
BCG_2053 NA putative ArsR-type repressor antitoxin of protein 
toxin-antitoxin system 
3.054 
BCG_2054 NA hypothetical protein 2.801 
BCG_1046c NA hypothetical serine rich protein 3.768 
BCG_1045c NA hypothetical protein 2.944 
BCG_3488c groES 10 kDa chaperonin 2.887 
BCG_2044c NA hypothetical protein 3.932 
BCG_2968c pks1 putative polyketide synthase -2.676 
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BCG_2953 ppsA Phenolpthiocerol synthesis type-I polyketide synthase -3.296 
BCG_0082 NA putative transmembrane protein -2.510 
BCG_2392c mbtG Lysine-N-oxygenase -2.572 
BCG_1543 NA hypothetical protein -2.621 
BCG_2954 ppsB Phenolpthiocerol synthesis type-I polyketide synthase -4.342 
BCG_2955 ppsC Phenolpthiocerol synthesis type-I polyketide synthase -3.924 
BCG_1641 hisA putative phosphoribosylformimino-5-aminoimidazole 
carboxamide ribotide isomerase 
-2.634 
BCG_1508c zwf2 putative glucose-6-phosphate 1-dehydrogenase -2.711 
BCG_3173 nuoF putative NADH dehydrogenase I (chain F) -2.954 
BCG_0326 PPE4 PPE family protein -3.087 
BCG_1643 hisF putative cyclase -3.182 
BCG_0555 hemB putative delta-aminolevulinic acid dehydratase -3.522 
BCG_0332 NA putative transmembrane protein -2.908 
BCG_0331 NA putative protease precursor -3.339 
BCG_2020c NA hypothetical protein -3.284 
*T_FC – Transcription- Fold change 
Table 4.3: List of genes significantly differentially expressed during translation and are 
monosome bound at 45°C vs 37°C (FDR corrected) 
 
GeneID Symbol Function M_FC 
serX NA NA 8.699 
BCG_0115 NA putative oxidoreductase -2.989 
*M_FC – Monosome-Fold change 
Table 4.4: List of genes significantly differentially expressed during translation and are 
polysome bound at 45°C vs 37°C (FDR corrected) 
 
GeneID Symbol Function P_FC 
BCG_1106c NA Hypothetical protein 3.617 
BCG_2486c NA Hypothetical protein 3.484 
BCG_3540 PE31 PE family protein 4.672 
BCG_0052c whiB5 putative transcriptional regulatory protein whiB-
like 
3.554 
BCG_2779c NA hypothetical protein -4.511 
BCG_1692 argJ putative Glutamate n-acetyltransferase -4.146 
 
*P_FC – Polysome-Fold change 
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Table 4.5: List of genes significantly differentially expressed during trancription and 
translation and are polysome bound at 45°C vs 37°C (FDR corrected) 
 
Gene ID Symol Function TTP_FC 
BCG_1106c NA hypothetical protein 2.698 
BCG_2486c NA hypothetical protein 3.317 
*TTP_FC – Transcription, Translation and Polysome bound 
From Table 4.2, in the list of genes which are transcriptionally differentially expressed and 
upregulated apart from hypothetical proteins there are two other major genes which has been 
found to be expressed namely, putative ArsR-type repressor antitoxin of protein toxin-
antitoxin system and groES (heat shock protein). To identify the genes which are potentiated, 
expressed in both translation and transcription, a venn diagram was created using the tool 
named “Venny” which provided the list of genes which are common in transcription and 
translation at 45°C (Figure 4.10).  
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Figure 4.10: Venn diagram to show the list of genes which are highly significantly 
expressed in transcription, translation and in both transcription and trasnaltion  
 
Now checking at the list of genes which were significantly differentially expressed during 
translation which are monosome bound and polysome bound at 45°C using FDR corrected 
gene list with the relative fold change (Table 4.2-4.5), there were only a handful of genes 
and only two potentiated genes (Figure 4.8) The possible reasons for this less number of 
genes could be because of using a higher threshold for FDR correction with only two 
replicates. In other terms, the real reasons for the less number of genes are not known and I 
can only make hypothesis. If there are more replicates, there is a better chance that gene X 
is significantly differentialy expressed at the given condition. Therefore the low count of 
genes could be due to the fact that the experiment was done in different days and therefore 
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the growth conditions might have been slightly different. In the following sections some of 
the major genes which are significantly differentially expressed between conditions and their 
possible role during heat shock stress are explained. 
4.3 Discussion 
Among the list of differentially expressed genes serX, which encodes for tRNA biosynthesis, 
has the highest level of translational upregulation (or greater association with ribosomes). 
The majority of genes which were significantly upregulated encoded hypothetical proteins, 
but there were also putative transcriptional regulators and PE/PPE proteins along with an 
ArsR type repressor antitoxin gene. Pathyway analysis was performed and the heat map is 
produced in Figure 4.10 to identify metabolic pathways which are down or up-regulated. In 
the following sections the functions of these proteins in bacteria and the possible reasons for 
their upregulation in M. bovis (BCG) during heat shock are discussed. 
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Figure 4.11: Heat map generated from RNA sequencing data reflecting functional 
categories of differentially expressed genes at 42°C > 30°C.  
[The darker the red colour the more significant (smaller P-value) the enrichment.] 
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The darker the red colour the more significant (smaller P-value) the difference in abundance 
of the transcript. The adjusted P-values obtained from the ontologizer method were 
transformed using –log10. This is so the more significant difference equals a higher number. 
For example, a P-value of 7.43159920215608E equals a –log10 value of 5.13 and a P-value 
of 0.021516863 equals a –log10 value of 1.67. 
 SerX encoding tRNA biosynthesis 
For SerX when viewed in IGV, the difference in the transcript levels between conditions 
(45°C vs 37°C) are clearly visible (Figure 4.11 Panel C). There is a higher fold of SerX 
expression (or association with ribosomes) at 45°C when compared to 37°C in both 
monosome and polysome replicates. At 45°C, SerX was found to be differentially associated 
with ribosomes both transcriptionally and translationally and is both monosome and 
polysome bound. But at the same time there are variations in the associations of SerX. SerX 
encodes for the tRNA biosynthesis, suggesting that there could be production of truncated 
tRNA or a modified form of tRNA which can bind to the elongation factors of translation 
and can stall on the ribosomal site to stop protein production. (Chatterji and Ojha, 2001). In 
Mycobacteria “stringent response” is often associated with dormancy and typically is 
initiated by an increase in the ratio of uncharged tRNAs to amino-acylated tRNAs (A number 
of factors contribute to the overall stability of tRNA molecules compared other RNA species 
during stress: extensive secondary and tertiary structure of the mature tRNAs mean they are 
less accessible to nucleases than other RNAs in the cell; the 30 termini of tRNAs are 
protected from exonucleases by aminoacylation; and charged tRNAs are often associated 
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with ribosomes, elongation factors and acyl-tRNA synthetases, thus rendering them 
inaccessible to most ribonucleases. 
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Figure 4.12: IGV visuals of SerX gene expression coverage data  
 
[A) Variations in expression levels of SerX in 37°C and 45°C replicate 1. B) Variations in 
expression levels of SerX in 37°C and 45°C replicate 2 Panel C) A closure look at the 11 
fold higher level of SerX expression at 45°C compared to 37°C] 
 
Despite their apparent stability under starvation conditions, those tRNAs most susceptible to 
degradation would be uncharged tRNAs that are not associated with the translation 
machinery) and decrease in rRNA species. The resulting interaction of uncharged tRNAs 
with the A site of the 50S ribosome causes stalling of protein synthesis and a subsequent 
activation of RelA activity. Ultimately, this triggers both the downregulation of stable RNA 
(rRNA, tRNA) synthesis and the upregulation of amino acid biosynthetic gene expression 
(Magnusson et al., 2005). There were no previous studies which relates SerX production 
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during heat shock in M. bovis (BCG) and therefore this study could be representing the role 
of SerX during heat shock in M. bovis (BCG). 
 Functional annotation of Hypothetical proteins 
After annotating the sequencing results to a genome, the genes are generally grouped into 
three types; first are known genes which have been functionally characterized; second type 
a conserved hypothetical genes which are conserved in many organisms, third type are 
hypothetical genes which are not found in other organisms. Out of the significantly 
differentially expressed genes, major number of genes are encoding for hypothetical proteins. 
These are proteins whose existence has been predicted but for which there are no 
experimental evidence that it is expressed in vivo.  Despite the development of generating 
increasing amounts of biological data such as genomic sequences and functional genomic 
data through high-throughput experiments, there is a deficiency in functional annotation for 
many proteins.  Most bacterial genome, as many as 40 % of identified proteins are labelled 
“uncharacterized” or “unknown” or “hypothetical proteins” (Mazandu and Mulder, 2012). 
 
 Specifically, about half of the M. tuberculosis genome is made up of proteins of unknown 
functions. This limits the ability to exploit the obtained data confirming the paradigm “world 
which is data rich yet information poor”.  In the article by (Mazandu and Mulder, 2012) on 
functional prediction of hypothetical proteins, the potential functions of them are discussed 
in detail. Most of them are involved in intermediary metabolism and respiration, as well as 
in the cell wall and cell processes. Almost 72 % of these proteins are predicted to belong to 
these two functional classes (Brennan, 2003, Brennan and Crick, 2007, Wolfe et al., 2010). 
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As it is known that each protein is a gene product that interacts with the cellular environment 
in some way to promote the cell’s growth and function. This suggests that these large 
numbers of uncharacterized protein in organisms may play a crucial role in their survival and 
viability and may contribute to their fitness in different environments particularly since 
uncharacterized proteins are usually those that have no hits in other genomes and are unique 
to certain organisms.  
 Expression of PE/PPE protein encoding genes  
Heat shock in M. bovis (BCG) has enhanced a lot of PE/PPE gene expression. Pe/ppe genes 
are known for their hypervariable nature (Tekaia et al., 1999, Pallen, 2002) and were 
exploited as informative markers for mycobacterial strain typing (Tekaia et al., 1999, Hsu et 
al., 2003). After genome sequencing of M. tuberculosis, it was found that these variable 
regions were in-fact part of two extensive families encoding almost 200 putative proteins. 
These genes were later found to be unique to Mycobacteria, particularly abundant in 
pathogenic Mycobacteria such as in M. tuberculosis and comprise almost 10 % of the coding 
capacity of the genome. These were designated as pe/ppe genes, after highly conserved 
Proline-Glutamate and Proline-Proline-Glutamate residues near the start of their encoded 
proteins.  The proteins can be categorized into subgroups, encompassing members with 
highly variable length and sequence features (Pym et al., 2003). The relatively conserved N-
terminal is approximately 110 amino acid (aa) and 180 aa residues in the PE and PPE 
families, respectively. The smallest members of both families consist of just this conserved 
domain, while other subclasses have additional C-terminal regions. The PE PGRS 
(polymorphic GC-rich sequence) and PPE MPTR (major polymorphic tandem repeat) 
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subgroups possess C-terminal regions of enormously variable size—these can reach over 
3700 aa in length; they are also the family members which exhibit the most sequence 
variation. The proteins of PPE-SVP subfamily are characterized by the motif Gly-X-X-Ser-
Val-Pro-X-X-Trp between position 300 and 350 in the amino acid sequence. 
 Potential role of PE/PPE proteins in Mycobacteria 
An early paper by Doran and co-workers (Doran et al., 1992) suggested that the members of 
the PPE-MPTR family were likely to be cell wall associated. Association of a PPE protein 
with the mycobacterial cell wall was first demonstrated experimentally for the PPE-MPTR 
protein Rv1917c (PPE34), which was also demonstrated to be at least partly exposed on the 
cell surface (Sampson et al., 2001). It has subsequently been shown that certain PE_PGRS 
proteins are cell-surface constituents (Brennan et al., 2001, Banu et al., 2002, Delogu et al., 
2004) which influence the cellular architecture and colony morphology (Delogu et al., 2004) 
as well as the interactions of the organism with other cells (Brennan et al., 2001). More 
recently, it has been demonstrated that the PPE proteins Rv2108 (PPE36) and Rv3873  
(PPE68) are also both cell-wall associated (Okkels et al., 2003, Le Moigne et al., 2005). 
Furthermore, Pajon and co-workers (Pajon et al., 2006) have identified at least one outer 
membrane anchoring domain with the potential to form a beta-barrel outer-membrane 
protein-like structure in 40 different PE and PPE proteins. It has yet to be shown whether all 
PE and PPE proteins localize to the cell wall, and secretion into the extracellular environment 
has not been ruled out. 
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Other diverse clues to the potential functions of the members of these families exist. For 
example, Rodriguez and colleagues (Rodriguez et al., 1999, Rodriguez et al., 2002) have 
found that the PPE gene Rv2123 (PPE37) is upregulated under low iron conditions, leading 
to the hypothesis that this gene may encode a siderophore involved in iron uptake. One 
member of the PE_PGRS family, Rv1759c (wag22), has been characterized as a fibronectin 
binding protein (Abou-Zeid et al., 1991, Espitia et al., 1999). Interestingly, the orthologue of 
this gene in the closely-related genome of M. bovis is a pseudogene, the absence of which 
could potentially play a role in influencing host or tissue tropism. It was also shown that two 
M. marinum orthologues of the PE_PGRS subfamily are essential for replication in 
macrophages as well as persistence in granulomas (Ramakrishnan et al., 2000). More 
recently, an M. avium PPE protein (Rv1787/PPE25 orthologue), expressed only in 
macrophages, has been shown to influence macrophage vacuole acidification, phagosome-
lysosome fusion and replication in macrophages; and to be associated with virulence in mice 
(Li et al., 2005).  
 
Additional data supports the notion that members of the PPE gene family may be involved 
in disease pathogenesis, as a transposon mutant of the PPE gene Rv3018c (PPE46)was 
attenuated for growth in macrophages (Camacho et al., 1999, Sassetti and Rubin, 2003), 
confirmed the importance of Rv3018c and identified a further 5 PPE genes (Rv0286/PPE4, 
Rv0755c/PPE12, Rv1753c/PPE24, Rv3135/PPE50 and Rv3343c/PPE54) and 3 PE genes 
(Rv0285/PE5, Rv0335c/PE6 and Rv1169c/PE11) as essential for in vitro growth in a 
transposon-mutagenesis-based screen, although a follow-up study by the same group 
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(Sassetti et al., 2003) showed that only two PPE's (Rv1807/PPE31 and Rv3873/PPE68and 
one PE (Rv3872/PE35) are specifically required for mycobacterial growth in vivo during 
infection of mice. There are no evidence to reveal the role of PE/PPE proteins in heat shock 
response in M. tuberculosis or M. bovis (BCG) but their larger expression gives a clue for 
further investigation of these proteins during heat shock. 
 Putative transcriptional regulators 
Fe-S clusters represent one of the simplest and most functionally versatile prosthetic groups 
(Beinert et al., 1997). By undergoing oxidation-reduction reactions they play an important 
role in metabolic pathways and regulatory processes across all kingdoms of life. In these 
clusters Fe ions are linked to each other through sulphide bridges on a cysteine rich protein 
scaffold. The family of WhiB proteins of actinomycetes are putative transcription factors 
which have been identified in all actinomycetes sequenced so far, but not in other organisms. 
The majority of the WhiB-like proteins contain four perfectly conserved cysteines. WhiD, a 
protein of S. coelicolor which is required for late stages of sporulation, was the first WhiB 
protein shown to co-ordinate a Fe-S cluster with the help of these essential cysteines 
(Jakimowicz et al., 2005). The determination and annotation of the M. tuberculosis genome 
sequence revealed the presence of seven whiB-like genes (whiB1-whiB7) (Cole et al., 1998, 
Soliveri et al., 2000). The proteins are characterized by the presence of four invariant cysteine 
residues and a C-terminal helix-turn-helix (HTH) motif with a GV/IWGG amino acid 
sequence signature in the putative β-turn. Though these motifs are conserved in all seven 
WhiB proteins, their cellular functions seem to differ substantially and are believed to 
involve, pathogenesis, cell division, stress response as well as antibiotic resistance (Gomez 
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and Bishai, 2000, Steyn et al., 2002, Garg et al., 2007). Fe-S cluster co-ordinating properties 
have recently been shown for all M. tuberculosis derived WhiB proteins (Alam et al., 2007, 
Singh et al., 2009, Alam et al., 2009). Though several reports on mycobacterial WhiB 
proteins give insight into their possible function as regulatory proteins, only WhiB3 has been 
examined in detail with regard to regulation and transcription (Rybniker et al., 2010). 
However in Mycobacterium, a transcriptional regulatory WHIB-like protein, WHIB5, plays 
a role in immunomodulation and reactivation after chronic infection. Its induction results in 
transcription of a number of genes including sigM, and the genes for 2 type VII secretion 
systems ESX-2 and ESX-4. This seems to negatively regulate its own expression. 
 Putative ArsR-type repressor antitoxin of protein toxin-antitoxin system 
A toxin-antitoxin system is a set of two or more closely linked genes that together encode 
both a protein 'poison' and a corresponding 'antidote'. Bacterial toxin-antitoxin systems 
(TAS, also referred to as TA loci) originally have been characterized in the 1980s as 
molecular systems encoded in plasmids and ensuring the persistence of a plasmid in a host 
lineage during replication by making the cells "addicted" to the plasmid so that only plasmid-
containing daughter bacteria survived after a cell division (Van Melderen and Saavedra De 
Bast, 2009, Gerdes, 2000). Toxin-antitoxin systems are typically classified according to how 
the antitoxin neutralises the toxin. In a type I toxin-antitoxin system, the translation of 
messenger RNA (mRNA) that encodes the toxin is inhibited by the binding of a small non-
coding RNA antitoxin to the mRNA. The protein toxin in a type II system is inhibited post-
translationally by the binding of another protein antitoxin. A single example of a type III 
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toxin-antitoxin system has been described whereby a protein toxin is bound directly by an 
RNA molecule (Labrie et al., 2010).  
 
Toxin-antitoxin genes are often transferred through horizontal gene transfer (Mine et al., 
2009) and are associated with pathogenic bacteria, having been found on plasmids conferring 
antibiotic resistance and virulence (Van Melderen and Saavedra De Bast, 2009). However, 
many bacteria that encode this pair of genes might also coordinate expression of genes with 
other functions, perhaps, via a TAS-like mechanism such as interference with mRNA 
translation. One such example is the ArsR repressors (Rowe-Magnus et al., 2003,Gao et al., 
2012, Busenlehner et al., 2003, Busenlehner et al., 2003, Makarova et al., 2009). In 
Mycobacterium ArsR repressor protein is involved in the regulation of lipid metabolism and 
hypoxic response. It positively regulates transcription of various genes, such as phoP, 
groEL2 and dosR, negatively regulates its own transcription by binding to a specific 
palindromic sequence motif in promoter regions.  
 
As mentioned before the cut off value for fold change was set to select the most significantly 
differentially expressed genes were ≥ 2 and were FDR corrected. But if the cut off value is 
to ≥ 2 and were P value corrected, then there are more number of genes which comes in 
significantly differentially expressed result which included the native heat shock responsive 
genes hsp, clpB, dnaJ, dnaK, groES, groEL along with membrane transport proteins, 
lipoproteins and transcriptional regulatory protein encoding genes. While the upregulated 
genes during heat shock are significant to be considered, the analysis of downregulated genes 
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can provide valid informations about stress management. Some of the important 
downregulated genes are ppsA, ppsB and ppsC, hisF, nuoF, zwf2, hisA, hemB, mbtG and 
argJ.  
One group of lipids, phthiocerol dimycocerosates (Vandeventer et al., 2011), has been 
studied intensively since being shown to promote M. tuberculosis virulence. DIMs are 
produced by all members of the M. tuberculosis complex and a few other mycobacterial 
species, most pathogenic in humans or animals which is involved in fatty acid biosynthesis 
and cell wall assembly in M. tuberculosis, and is a part of lipid metabolism. They are found 
to be involved in the elongation of C22-C24 fatty acids by the addition of malonyl-CoA and 
methylmalonyl-CoA extender units to yield phthiocerol derivatives. DIMs are produced by 
the combined action of fatty acid synthases and polyketide synthases and are composed of a 
mixture of long-chain β-diols esterified by multimethyl-branched fatty acids named 
mycocerosic acids. The ppsABC are the group of genes encoding for phenolpthiocerol 
synthesis type I polyketide synthase and all the three genes were downregulated inidicating 
that the mycobacterial cells were shutting down the cell wall assembly process during heat 
shock (Astarie-Dequeker et al., 2009). There is a general shut down in amino acid 
biosynthesis especially in the arginine and histidine biosynthetic pathway and nuoF and zwf2 
encoding NADH dehrogenase and glucose-6-phosphate dehrogenase, involved in 
aerobic/anaerobic respiration and pentose phosphate pathway slowing down intermediary 
metabolism and respiration. mbtG and hemB genes involved in siderophore mycobactin 
biosynthesis for sequestering iron during stress and heme biosynthesis were also 
downregulated. Thus in this chapter of polysome profiling in M. bovis (BCG), the protocol 
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for extracting monosomes and polysomes from cell extracts of M. bovis (BCG) was 
successfully optimised. To overcome a lot of challenges in RNA extractions, various 
protocols were combined and a reasonable amount of RNA was extracted for sequencing. 
Next generation sequencing was performed at NIMR by Dr. Teresa Cortes and data analysis 
was successfully finished with the help of Dr. Carla Moller Levet at University of Surrey. 
From the analysis I could shortlist significantly and differentially expressed genes at both 
transcription and translation and were both monosome and polysome bound at 45°C 
compared to 37°C. 
4.4 Summary 
 The protocol for polysome extraction from M. bovis (BCG) was successful.  
 Using the optimised protocol, polysome extraction was carried out with heat shocked 
samples from two biological replicate of M. bovis (BCG).  
 RNA was prepared from the polysome fractions and labelling was carried out.  
 After QC checks, RNA samples were sent for sequencing to Dr.Terasa cortes in 
NIMR (National Institute of Medical Research), London. 
 RNA sequencing data analysis was carried out by Dr. Teresa (NIMR) and Dr. Carla 
Moller Levet (FHMS Bioinformatics Core Facility, University of Surrey) using 
DESeq and EdgeR analysis package.  
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 The list of significantly differentially expressed genes between the conditions 
(wildtype vs heat shocked) which are both transcriptionally and translationally 
upregulated were found.  
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Ribosome Tagging 
5.1 Introduction 
 
This chapter describes a one step affinity method for purifying ribosomes from S. coelicolor, 
which is an alternative, for the usage of sucrose density gradients in polysome profiling. It is 
commonly referred as ribosome affinity purification (RAP)/ ribosome tagging. It is a simple 
and effective way to isolate ribosomes from the cell’s translatome. Studies of polysome 
profiling using sucrose density gradients in S. coelicolor and M. bovis (BCG) during heat 
shock has revealed the role of translation along with transcription as a key regulatory node 
in gene expression. Although polysome profiling using sucrose density gradient fractionation 
is considered as one of the most standard method to monitor active translation it is laborious 
and time consuming  
The following reasons are namely: 1) It necessitates handling of many samples at a time 2) 
needs expensive instruments like ultra-centrifuges and ISCO gradient fractionator, which 
sometimes might not be available in all the laboratories and 3) requires several precipitation 
steps to isolate RNA of sufficient quality and quantity to perform RNA sequencing, 
Microarray analysis and RT-PCR (Reverse transcription-Polymerase chain reaction). Lastly 
in M. bovis (BCG) the polysome fractions are likely to be contaminated with mycobacterial 
cell wall lipids, which can lead to several attempts, to clear the lipid contaminations from 
cell extracts as explained in Section (4.2.1) (Fleischer et al., 2006, Halbeisen et al., 2009). 
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Therefore an attempt was made to isolate ribosomes from S. coelicolor using RAP approach. 
This approach has been successfully adopted in isolating ribosomes from Yeast (Halbeisen 
and Gerber, 2009) and consists in the capture of the fully assembled ribosome on a matrix 
coated with the ligand specific for the aptamer tag. Following elution, the affinity tag or the 
epitope attached to the ribosomal protein in the matrix can be cleaved using site specific 
protease and the ribosomes attached to the matrix can then be eluted. The mRNA associated 
with ribosomes can then be analysed using DNA microarray analysis, RT-PCR and RNA 
sequencing. The detailed procedure has been adopted in this present study and explained in 
Figure 5.1.  
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Figure 5.1: The Figure compares two techniques to study the translatome (Left) 
Classical sucrose density fractionation. Right) Ribosome affinity purification (RAP) 
 
[Cell extracts were prepared in the presence of Chloramphenicol (a potent inhibitor of 
translation elongation) and separated by ultracentrifugation through linear 10-50% sucrose 
density gradient. The gradient is then fractionated while continuously monitoring the 
absorbance at 254 nm allowing the separation of “free RNA, the small (30S) and large (50S) 
ribosomal subunits, monosomes (70S) and polysomes. RNA is isolated from individual 
gradient fractions and pooled for subsequent analysis. The relative position of the message 
in this profile is an indicator for its translational activity. RAP procedure, affinity tagged 
ribosomes are captured from extracts with IgG-coupled spherical beads or microspheres 
(matrix) and release from the matrix with a site specific protease called TEV protease (from 
tobacco-etch virus)]  
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The first step in the RAP approach was to select the specific ribosomal protein genes to be 
fused to an aptamer tag and to be integrated in the chromosome of S. coelicolor (Zanetti et 
al., 2005, Inada et al., 2002). The following sections explain the steps in detail for, 1) How 
to choose an aptamer tag for tagging ribosomal proteins 2) How the ribosomal protein coding 
genes were selected for tagging, 3) The process of tagging and making gene contructs, 4) 
Purification of ribosomes containing the tagged ribosomal proteins and 5) Experiments to 
confirm the presence of tagged ribosomal proteins in the ribosomal fractions. 
5.2 Results 
5.2.1 Selection of aptamer tag/epitope to tag the ribosomal proteins 
Genetic engineering affinity tagging, also called epitope tagging, is a technique in which the 
short peptide tag is added to either the C or N terminus of the target protein to facilitate 
affinity purification and detection. This approach circumvents complicated multi-step 
protein purification process (Walker et al., 2008). The affinity tag is selected in such a way 
that it does not interfere with the protein function, as this could, in turn affect cell’s 
physiology and growth. Also, if the tagged protein is not folded properly it can promote 
specific stress response leading to altered translatome.  
 
Some affinity tags used successfully for protein isolation and detection includes FLAG 
epitope (Gallis et al., 1989), glutathione S-transferase (Vander Jagt et al., 1981), 
polyhistidine (Porath et al., 1975, Porath, 1992), or protein-A tags (Nilsson et al., 1997). 
When it comes to study translating mRNAs or other RNPs (Ribonucleoproteins) complexes, 
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a highly specific affinity tag is required to selectively pull down the 
ribosome/RNPscomplexes. In past decades only a small number of affinity tags have been 
optimized. Strep tag is one such affinity tag/synthetic peptide sequence; it consistes of eight 
amino acids (Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) that binds streptavidin specifically and can 
be eluted by competition with biotin.  
 
Streptavidin is a tetrameric protein isolated from Streptomyces avidinii. This protein, 
expressed in S. avidinii has been highly exploited in molecular biology and biotechnology 
for its binding capacity with biotin. Over the years, the binding capacity of Stretavidin to 
Strep tag has been optimized to increase binding efficiency; one of these modified 
streptavidin is commercially available and is called Strep-tactin. The interaction between 
Strep-tactin/streptavidin with biotin is considered as one of the strongest noncovalent 
biological interaction known in nature (Figure 5.2), which is mentioned by (Green, 1990), as 
the dissociation constant (Kd) for the biotin interaction is approximately  ≈10−14 mol/L.  
 
Figure 5.2: Avidin-Biotin-Interaction; Schematic of signal amplification by avidin-
biotin complex formation.  
[Avidin, streptavidin or NeutrAvidin Protein can bind up to four biotin molecules, which are 
normally conjugated to an enzyme, antibody or target protein to form an avidin-biotin 
complex. † denotes that avidin is also often conjugated to an antibody, target protein or 
immobilized support. ] 
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Source https://www.lifetechnologies.com/uk/en/home/life-science/protein-biology/protein-
biology-learning-center/protein-biology-resource-library/pierce-protein-methods/avidin-
biotin-interaction.html  
   
Moreover strep-tactin/streptavidin was chosen as the target for Strep-Tag as it is 
commercially available coupled to supporting matrices, The Strep-tactin attached to 
Streptavidin binding peptide tagged ribosome from crude cell extracts of S. ceolicolor 
extracts is shown in Figure 5.3. 
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Figure 5.3: An outline of Ribosome Affinity Purification  
Beads 
The crude cell extract with the tagged ribosomal protein (ribosomal proteins with 
Strep-Tag) is loaded on the chromatograph column embedded with beads and Strep-
tactin. 
Crude cell 
extract with 
tagged ribosomal 
protein 
The column is then washed twice to remove unbound proteinsapart from 
bound ribosomal protein. The washes are collected to check that all the 
ribosomes are retained on the column 
Strep-Tagged 
ribosomal proteins 
bind to the Strep-
Tactin/ in the 
column 
Biotin  Biotin is added to the column chromatogram. 
Column chromatogram embedded with Strep-Tactin coated beads which can bind 
the Strep-Tag in the tagged ribosomes.  
Strep-Tactin 
Column chromatogram 
Biotin competitively binds to Strep-Tactin in the chromatographic column 
dispacing the bound tagged ribosomal proteins from the beads which are 
collected in different fractions of eluate and checked by SDS PAGE and 
Western Blotting. 
Biotin 
binding to 
the beads 
Released 
ribosomal protein 
in the cloumn 
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Figure 5.4: Panel A) Schematic representation of C- and N- terminal TAP Tags, Panel 
B) Overview of the TAP purification strategy. 
CBP – Calmodulin binding peptide; TEV – Tobacco Etch Virus endopeptidase: ProtA – 
Protein A; EGTA - Ethylene glycol tetra-acetic acid 
Source http://ac.els-cdn.com/S1046202301911831/1-s2.0-S1046202301911831-
main.pdf?_tid=0df09fe0-2985-11e5-8bca-
00000aacb361&acdnat=1436808894_11692c6e0640a20d30129b09e327cc45 
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Apart from Strep-Tag, one other tag called ZZ/TAP-Tag can be used for ribosome elution, 
which comprise part of the tandem affinity purification (TAP) tag containing two protein A 
IgG binding units.  ZZ/TAP-Tag consist of protein A subunit which can bind to IgG, TEV 
(Tobacco etch virus) protease site, CBP (Calmodulin binding peptide) and Zinc finger 
domain. The cell extract with the protein of interest, TAP tagged is allowed to bind to beads 
coated with IgG units and subjected to first affinity column purification. The TAP-tagged 
proteins are cleaved using TEV protease (Figure 5.4) allowing a different part of TAP-tag to 
bind with Calmodulin beads via CBP.  Then the protein of interest can be eluted after second 
affinity column purification shown in Figure 5.4. In this study both Strep-Tag and ZZ-tag 
has been selected for further use. The next step after selecting the aptamer tag was to identify 
the suitable ribosomal protein gene to which the Strep-Tag can be fused. 
5.2.2 Selection of ribosomal proteins for tagging 
A ribosomal protein is any of the proteins that, in conjunction with rRNA (16S, 23S and 5S), 
make up the ribosomal subunits involved in the cellular process of translation. Ribosomal 
ribonucleic acid (rRNA) is the RNA component of the ribosome. There are 20 small subunit 
ribosomal protein and 34 large subunit ribosomal proteins (40 genes) present in S. coelicolor 
(Bentley et al., 2002), therefore a careful selection procedure was needed to select suitable 
ribosomal proteins to tag for affinity purification. Ribosomal protein candidates were 
selected on the basis of being surface exposed to maximize chances that functional ribosomes 
are produced and also based on their location (preferably in the solvent accessible side of the 
ribosome) to easily access the proteins for tagging.The selected ribosomal protein genes to 
be tagged and inserted in Streptomyces chromosome are: 1) SCO4660 rpsG S7 C-ter 
 224 
 
(previously tagged (Cate et al., 1999, Lalucque and Silar, 2000), 2) SCO4735 rpsI S9 C-ter 
(previously tagged S9e (S4)(Gallo et al., 2011);  3) SCO5624  rpsB S2 C-ter, 4) SCO3906 
rpsS S6 N-ter (previously tagged (Ermolenko and Noller, 2011, Spiegel et al., 2007), 5) 
SCO5591 rpsP S16 C-ter (previously tagged; (Gan et al., 2002), 6) SCO4653  rplG L7/L12 
C-ter (L12 previously tagged (Ederth et al., 2009). Initially, based on their promoter 
proximity and solvent accessibility among the ribosomal proteins SCO5624 rpsB 30S 
ribosomal subunit protein S2, SCO3906 putative 30S ribosomal subunit protein S6 (coded 
by rpsF) and SCO5591 30S ribosomal subunit protein S16 (coded by rpsP) were selected 
for tagging using both Strep-tag and ZZ-tag. 
5.2.3 Tagging of selected ribosomal protein 
In S. coelicolor genome, as the genes encoding these S2, S6 and S16 are promoter proximal 
while those encoding S7, S9 and L7/L12 are in operons and not promoter proximal, it was 
decided to start with the three constructs with the promoter proximal ribosomal protein 
genes. The strep tag was added at N-ter for SCO3906 (S6) (because the C-ter of the ribosomal 
protein is hindered), C-ter ZZ-tag for SCO5624 (S2) and C-ter strep tag SCO5591. The 
remaining tagged ribosomal proteins constructs were planned to be made by cloning the 
appropriate in vitro synthesized ORFs flanked by Restriction Endonucleases sites in the 
existing appropriately restricted constructs.  In designing the ribosomal tagged constructs, 
information on the transcriptional start site of the selected ribosomal protein genes was 
available from directional RNA-seq data generated in Prof. Colin Smith’s laboratory.  
5.2.4 Gene synthesis/ Ribosomal tagged gene constructs generation 
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The ribosomal tagged constructs or gene synthesis was performed by Gene synthesis 
Eurofins MWG Operon. It was decided to synthesize the SCO5624 (S2) SCO3906 (S6) and  
SCO5591(S16)  ORFs plus ca 100bp upstream of the TSS to include the endogenous 
promoter followed by strep tag at the N-ter (for SCO3906) while for SCO4706 and 
SCO5591the tag was designed at the C-Ter immediately upstream of the stop codon. In all 
three cases the DNA fragment was flanked by BamH1 at the 5’ and XbaI at the 3’.  
 
SCO4660 encoding S7 is in an operon (with SCO4659 being the promoter proximal gene); 
it was decided to synthesize SCO4659 with 100 bp upstream of the TSS to include its 
endogenous promoter followed by SCO4660 and the strep tag at the C-ter before the stop 
codon. Between the strep tag and the end of SCO4660 it was decided to insert a Tobacco 
etch virus protease site for the optional subsequent removal of the tag after affinity 
purification. This will allow the successive analysis by mass spectrometry to identify the 
ribosomal proteins, post translational modification of the ribosomal proteins and the proteins 
associated with the ribosome (RNA chaperones translation factors etc.).  
 
The DNA fragment obtained by gene synthesis incorporating suitable restriction sites was 
cloned in the integrative conjugative vector pMT3226 (Kieser et al., 2000). For SCO4653 
encoding L7/L12 which is an operon (with SCO4652 being the promoter proximal) and 
SCO4735 encoding S9 also in an operon (with SCO4734 being he promoter proximal), it 
was decided to use the existing construct made with SCO4660 and replace the ribosomal 
gene by another one that has been in-vitro synthesized with appropriated sticky ends 
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compatible with those used to remove the ORF from pMT3226:: SC04660. All these 
constructs were made in a standard E. coli strain used for cloning such as DH5α and used to 
transform the restriction/methylation deficient E. coli strain ET12567::pUZ8002 which 
cointains the TRA function for the intergeneric conjugative transmission of the plasmids 
from E. coli to Streptomyces and the integration in the chromosome of S. coelicolor wild 
type strain MT1110 at the attB site (Sioud et al., 2009). 
 
Once checked and verified the isolated transconjugants strains harbouring the tagged 
ribosomal proteins were tested for growth defects in a variety of Streptomyces media. It was 
also verified that the tagged ribosomal proteins are incorporated into the ribosome through 
ribosome purification through centrifugation in sucrose cushions followed by immunoblot 
analysis with specific antibodies against the aptamer tag. Tagged ribosomes will be affinity 
purified from whole cell extracts on IgG-coupled beads for the ZZ tag or strep-tactin for the 
strep-tag.  Initially, the gene constructs for S6 and S16 were made and the work was carried 
out in those two, which is explained in the further sections. 
5.2.5 Tagging promoter proximal ribosomal protein genes SCO5591 (S16) and 
SCO3906 (S6) 
Gene synthesis was done by Eurofins MWG operon of SCO3906 (S6) and SCO5591 (S16) 
genes Strep-Tag, and cloned into pEX-A vector shown in Figure 5.5 to generate pEX-A-
3906_N-term-streptavidin_BP and pEX-A-5591_N-term-streptavidin_BP respectively.  
 227 
 
In both the constructs the ribosomal protein coding gene along with its endogenous promoter 
and Strep-Tag was flanked by restrictions sites for enzymes BamH1 at the 5’ and XbaI at the 
3’.  
 
Figure 5.5: pEX-series of vectors including pEX-A are destination vectors for protein 
expression in E. coli.  
[The T7 promoter in the vector allows the encoded protein to be expressed in BL21 (DE3) 
cells upon IPTG induction. The pEX-series of vectors also provides a TEV (the tobacco etch 
virus) protease cleavage site to remove any of the tags that were helpful during purification.  
All pEX-series of vectors share the same multiple cloning sites to facilitate easy transfer of 
the ORF region from any of OriGene’s standard TrueORF clones in the pCMV6-Entry 
vector. The Precision Shuttle, a one-step cut/paste procedure, is fast, reliable, and cost 
effective. The different antibiotic resistance marker in the destination vectors (Ampicillin 
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instead of Kanamycin in the Entry Vector) is designed for easy screening of the successfully 
shuttled plasmids. The full sequence of pEX-A vector is given below.]  
 
 
 
 
    
Figure 5.6: pEX-A vector with tagged ribosomal protein SCO3906 and SCO5591 
[Panel a) pEX-A vector with the desired tagged (Strep-Tag) ribosomal protein SCO3906 
(S6) 15 kDa, 290 bp with 100 bp upstream sequence with the endogenous promoter site and 
Bam H1 restriction site at N-Terminus and Xba1 restriction site at C-Terminus. This plasmid 
construct was referred as pEX::3906 or pEX-A-3906_N-term-streptavidin_BP. Panel b) 
pEX-A vector with the desired tagged (Strep-Tag) ribosomal protein SCO5591 (S16) 19 
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kDa, 419 bp with 100 bp upstream sequence with the endogenous promoter site and Bam H1 
restriction site at N-Terminus and Xba1 restriction site at C-Terminus. This plasmid 
construct was referred as pEX::5591 or pEX-A-5591_N-term-streptavidin_BP.] 
 
After receiving the gene constructs from Eurofins MWG Operon, they were used to 
transform into E. coli and plasmid DNA was prepared. The plasmid DNA was then digested 
using BamH1 and Xba 1 restriction enzymes and was again sub cloned into an integrative 
vector called pMT3226 which was cut with BamH1 and Xba 1 restriction enzyme. 
Integrative vector is a plasmid which, upon transformation into a bacterial host, integrates its 
DNA with the hosts DNA. It will cross over at a certain homologous sequence and become 
a physical part of the host DNA. pMT3226 (Figure 5.7 Panel a) is an integrative vector based 
on pSET152 (Figure 5.7 Panel b). pSET152 is oriT RK2 plasmid containing aac(3)IV, the 
apramycin resistance gene (Bierman et al ., 1992) and is one of the most frequently used 
vectors in lab. oriT allows conjugation from E .coli and the plasmid can be selected in E. coli 
and in Streptomyces with  apramycin. 
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Figure 5.7: A) pMT3226 restriction map B) 
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The ligated pMT3226 with tagged protein genes were used to transform E. coli. After 
transformation, the clones were screened by plasmid-extraction and restriction-
endonuclease-digestion, to verify the presence of the insert. The selected positive isolates 
with tagged ribosomal protein genes were used to transform dam- dcm- E. coli ET12567: 
pUZ8002 strain. This strain ET12567:pUZ8002 is methylation deficient and therefore a 
convenient donor to use to obtain un-methylated DNA before intergeneric conjugation (E. 
coli-Streptomyces) using E. coli as a conjugal donor. Obtaining an un-methylated DNA is 
necessary to avoid methyl-specific restriction mechanisms that some Streptomyces use to 
protect themselves against the introduction of heterologous DNA. If the Streptomyces 
species does not have methyl sensing mechanisms then DH5α (pUZ8002) may be used.  
 
But in both the cases of intergeneric conjugation (presence or absence of methyl sensing 
mechanism) pUZ8002 plasmid is required as it has tra gene, which encodes for a transfer 
protein to help mobilisation during intergeneric conjugation.This mode of gene transfer has 
been efficient even in recipient strains containing restriction systems (Du et al., 2012, 
Bierman et al., 1992, Voeykova et al., 1998). There are several advantages to using 
conjugation from E. coli as a means of introducing DNA into Streptomyces and other 
actinomycetes. It is simple and does not rely on complicated multistep process like protoplast 
formation and regeneration to transfer. The presence of a variety of oriT vectors also permits 
site-specific or insert-directed-chromosomal-integration. In addition these vectors easily 
replicate in E. coli, facilitating the production of required constructs. 
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In this study, the ex-conjugants with tagged ribosomal protein genes were grown on R5 plus 
apramycin selective media. Four such isolates namely 3906 7(1) 3906 1(2), 5591 1(3), 5591 
1(2), were further characterized by chromosomal DNA extraction together with MT1110 
pMT3226 as control. The genomic DNA was used as template for PCR amplification to 
check the presence of inserted constructs in the Streptomyces chromosome location attB, 
using primers, specific to the chromosomal location.  
5.2.6 Checking the growth of isolates/ex-conjugates 
Spore suspensions for each isolate were prepared as described in the section Materials and 
Methods 2.4.1. Such a suspension containing 108 spores was inoculated into 100 mL YEME 
with 10% sucrose in 500 ml flasks containing stainless steel springs to aid growth dispersal. 
This suspension was incubated at 30°C in a shaking incubator. As this was an initial attempt 
at adopting the RAP approach in S. coelicolor, the organism was grown in YEME although 
it could also have been conducted by growing Streptomyces in SMMS.  Optical density (OD) 
vs Time growth curves were obtained by monitoring the growth of 2x 1 mL aliquots and 
recording OD450 at post inoculation intervals of 0, 3,15,16,18,20 h. 
The spore suspension counts are given below for the selected ex-conjugants/isolates 
MT11103906 7(1) - 2.9 x 108 
MT11103906 1(2) - 3.8 x 108 
MT11105591 1(3) - 9.5 x 108 
MT11105591 1(2) - 6.7 x 108   
MT1110 pMT3226- 10.3 x 108 
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The growth curves obtained in the first experiment are shown in Figure 5.8 Panel A. As can 
be observed, one of the replicates of the control strain namely MT1110(2) grew differently 
from the other isolates/ex-conjugants. The experiment was repeated twice to confirm this 
repetitiveness. The relative growth curves of the second and third experiment are shown in 
Figure 5.8 Panel B and C. 
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Figure 5.8:  Growth curves of all ex-conjugants or isolates, 3906 1(2), 3906 7(1), 5591 
1(2), 5591 1(3) with wild type strain MT1110 pMT3226 as control. Panel A, B, C 
represents three different growth curve measurements taken to check the consistency 
of ex-conjugants growth pattern 
B 
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Spore suspension calculations for each ex-conjugant is given in Appendix D 
 
It could be seen from Figure 5.8 (Panel Band C), that the ex-conjugants had a more similar 
growth pattern to the wild type control strain. However, some differences between the 
biological replicates were clearly detectable for 3906 7(1) in the second growth curve (Figure 
5.8 Panel B) and for 5591 1(3) in the third growth curve (Figure 5.8 Panel C). This difference 
could be attributed to sampling errors.  
5.2.7 Checking the presence of ribosomal tagged proteins in ex-conjugants/isolates 
The next step was to check the presence of tagged ribosomal proteins in the cell extracts. 
This was achieved by preparing the cell extract from the isolates and isolating ribosomes 
using sucrose cushion as explained in section (2.11.1). Strep-tagged ribosomes were isolated 
from the cell extract using affinity chromatography with Strep-Tactin (Qiagen). The 
chromatography column was washed twice and two fractions were collected after the 
addition of biotin as a competitor for Strep-tactin binding. The flow-through, washes and 
fractions from the column were analysed by SDS PAGE and western blotting (Section 
2.11.2) using the Streptavidin-Peroxidase conjugate (Sigma cat S2438). The Strep-tagged 
ribosomal proteins were detected through chemiluminescence (Immobilon Western 
Chemiluminescence HRP substrate, Millipore P90718).  
 
The expected sizes of the strep-tagged ribosomal proteins were 15.46 kDa for 3906 and 19.91 
kDa for 5591. The results of the western blot experiment conducted on control and ex-
conjugants/isolates are shown in Figure 5.9.  
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Figure 5.9: Western blotting of S. coelicolor crude cell extracts expressing tagged 
ribosomal protein gene in ex-conjugant cell extracts compared with wild type strain 
MT1110 and MT1110 pMT3226 control extracts. 
 
1. Biorad Broad Range Molecular Range protein Marker -dual color 
2. MT1110 cell extract 
3. MT1110 pMT3226 (1) cell extract 
4. MT1110 pMT3226 (2) cell extract 
5. MT1110 5591 1(1) cell extract 
6. MT1110 5591 1(4) cell extract 
7. MT1110 3906 1(2) cell extract 
8. MT1110 3906 7(2) cell extract 
From the results shown in figure 5.9 no protein of the expected sizes was detected in lanes 
5, 6, 7, and 8. This could be due to 1) insufficient loading of protein extract on the gel or 2) 
trapping of tagged protein in the high molecular weight protein complexes or 3) due to the 
presence of non-specific Streptavidin binding material in the cell extracts. In view of the 
250kda 
150kda 
100kda 
75kda 
50kda 
37kda 
25kda 
20kda 
15kda 
10kda 
0kdaa 
1 2 3 4 5 6 7 8 
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above factors, it may be advisable to repeat the preparation of the cell extracts under 
denaturing condition in future experiments.  
One more western blotting experiment was carried out on purified ribosomal proteins from 
six cell extracts consisting of two replicates of the control strain MT1110 pMT3626 and 
isolates 3906 1(1), 3906 7(2), 5591 1(2) and 5591 1(3). For each purification experiment, 
beads, flow-through, 2 washes and 2 fractions, collected after the elution step were loaded 
on the SDS-PAGE. The results of the above western blot experiment are shown in Figure 
5.10. As expected, the samples from the beads and washes 1 and 2  had no bands while lane 
number 13, 14 and lane number 19, 20 corresponding to flow through for 3906 7(2), 3906 
1(2) and 5591 1(3), 5591 1(2) had bands at approximately 15 kDa (3906) and 20 kDa (5591) 
respectively thus confirming the expression of tagged ribosomal gene in S. coelicolor 
genome.  
 
 
 
 
 
 
 
 
 
 
 238 
 
 
Figure 5.10:  Detection of tagged ribosomal proteins in cell extracts of ex-conjugants 
 
 
 
 
 
 
From all the results obtained in this section, it is concluded that Ribosome affinity 
purification can be considered as an alternative and effective approach to the classical 
polysome profiling sucrose density gradient purification. More controls need to be performed 
to confirm the presence of strep-tagged ribosomal proteins from purified ribosomal fractions. 
As pointed out elsewhere, the advantage of the Ribosome Affinity Purification technique is 
that ribosomes can be isolated without contaminations like lipid rafts, sucrose and heparin as 
in polysomal gradients (Fleischer et al., 2006). It also allows one to obtain a relatively high 
1. Biorad Broad Range Molecular Range protein Marker -dual color, 2.Wash 1, 3. Flow through 2, 
4. MT1110 3906 7(2) Beads, 5. MT110 3906 1(2) Beads, 6.Wash 2, 7.Wash 1, 8. Flow through 1, 9. 
MT110 3226 (1), 10. Beads 11.Wash 2, 12. Fraction1 MT1110 3906 7(2), 13. Fraction2 MT1119 
3906 1(2), 14. MT1110 5591 1(4) beads, 15. Flow through, 16. Wash 1, 17.Wash 2, 18. Fraction1 
MT1110 5591 1(3), 19. Fraction 2 MT1110 5591 1(2). 
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amount of purified ribosomes in a solution without the cumbersome task of having to prepare 
sucrose gradients, ultracentrifugation and fractions collection, making the downstream 
processes easier. Most importantly the clear advantage of the RAP technique is, that it 
provides an easy access to 1) the actively translating mRNA population and 2) to the other 
non coding RNA associated with the ribosomes. Both the RNA populations can be quantified 
by RNA-seq or High Density microarrays across different growth conditons or any other 
biologically relevant conditions.  
 
In both polysome profiling using sucrose density gradient and affinity column purification it 
is important to validate the results using RT-PCR. A major disadvantage of the RAP method 
is that one cannot distinguish, whether the mRNA is bound by a single or several ribosomes 
and also that it does not indicate the extent to which the messages are actively translated.  
Combining RAP with recently published ribosome footprinting method, which allows the 
isolation of the mRNA fragments protected by ribosomes, is a very powerful tool to 
determine binding sites, as well as numbers of ribosomes on particular messages and hence, 
providing an estimate for translational efficiency (Ingolia et al., 2009).  
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5.3 Summary 
 An attempt at a method termed as Ribosome tagging/Ribosome affinity 
purification (RAP) was made to isolate ribosomes which is an alternative 
approach for polysome profling using sucrose density gradient. 
 Ribosomal protein candidates such as SCO3906 (S6), SCO5591 (S16) were 
selected for tagging as they were promoter proximal and solvent accessible. 
 Strep-Tag coding sequence was added to the above selected ribosomal protein 
coding genes. Strep-tag was added to the N-terminus for SCO3906 and C-
terminus for SCO5591. This ribosomal tagged constructs/gene synthesis was 
performed by the company “Gene synthesis eurofins MWG operon”.  
 The tagged ribosomal protein coding genes were cloned into pEX-A vector  
 The gene constructs were first inserted into an intergrative vector called 
pMT3226 which was then used to transform dam-dcm-E. coli 
ET12567::pUZ8002 strain 
 The cloned ribosomal protein coding genes were then transferred to S. coelicolor 
via intergeneric conjugation. The growth of isolates/ex-conjugants with tagged 
ribosomal protein genes were checked. The tagged ribosomes were then isolated 
from cell extracts using affinity column chromatography 
 The isolated ribosomes were then detected through chemiluminescence after 
performing SDS PAGE and western blotting 
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Discussion 
Bacteria are exposed to ever changing and challenging environments. They constantly 
encounter stressful conditions such as lack of nutrients, heat shock and exposure to toxins. 
Bacterial genomes usually contain several thousand different genes. Some of the gene 
products are required by the cell under all growth conditions and are called housekeeping 
genes. These include the genes that encode such proteins as DNA polymerase, RNA 
polymerase, and DNA gyrase. Many other gene products are required under specific growth 
conditions or are expressed only during stress. These include enzymes that synthesize amino 
acids, break down specific sugars, or respond to a specific environmental condition such as 
DNA damage. Housekeeping genes must be expressed at some level all of the time. 
Frequently, as the cell grows faster, more of the housekeeping gene products are needed. 
Even under very slow growth, some of each housekeeping gene product is made. The gene 
products required for specific growth conditions are not needed all of the time; these genes 
are frequently expressed at extremely low levels or not expressed at all when they are not 
needed and are synthesised only when they are needed. Organisms have evolved efficient 
systems to regulate gene expression during stressful conditions. Regulation of gene 
expression in bacteria occurs mainly on two levels: transcription and translation. In addition 
to these two levels of regulation the cell also has to dispose of the potentially toxic protein 
aggregates that are formed by misfolded or damaged proteins which can be formed under  
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normal physiological conditions and can accumulate in stressful situations such as heat shock 
or pathophysiological stress. They respond by synthesizing two classes of proteins: 
molecular chaperones and ATP-dependent proteases. Molecular chaperones promote protein 
folding by transiently holding the partially unfolded or misfolded polypeptide and thus 
preventing the formation of insoluble protein aggregates, and at the same time promoting 
proper folding, while proteases degrade protein aggregates as soon as they are formed. 
Together these proteins are responsible for maintaining quality control over protein structure 
and function. Major molecular chaperones include the DnaK machine (DnaK, DnaJ and 
GrpE) and the GroE machine (GroES, GroEL) while the ATP dependent protease class 
includes ClpAP, ClpXP and Lon. Both classes of proteins are well conserved across the 
archaeal, bacterial and eukaryal domains (Bucca et al., 2003). 
 
The heat shock response is one of the model system which has been exploited to study the 
gene regulation in variety of cells. It is a ubiquitous pathway in which the cells respond to 
sudden increase in the temperature. This leads to a global transcriptional change in the cells, 
resulting in the upregulation of a set of heat shock protein encoding genes which are highly 
conserved. Analysis of such changes can provide insights into the stress response in cells. 
Studies have shown that regulation and expression of heat shock proteins plays an important 
role in the pathogenesis of M. tuberculosis and has genome wide changes in gene expression 
in S. coelicolor. Heat shock response during transcription has been studied in detail in both 
the organisms but translation gene regulation during heat shock has been given less 
importance.  
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Transcriptional changes mainly involve increased expression of stress-defence genes and 
reduced expression of those encoding ribosomal proteins and all other growth related 
systems. As cells respond to stress, the proteome also changes but most recent proteomics 
studies from microorganisms have reported poor correlation between transcription and 
proteome responses. Therefore, there is presumably a translational response that contributes 
to adaptation in stress (Picard et al., 2013, Li et al., 2014). The study reported in this 
dissertation is the first comprehensive analysis of global gene regulation during heat shock 
at the translational level in S. coelicolor and M. bovis (BCG). Recently polysome profiling 
has been evolving as a new tool to study the transcriptome and translatome. The number of 
polysomes on an mRNA reflects the initiation, elongation and termination rates and is a 
measure of the translatability of the particular transcript under given conditions. Lower or 
higher than average association of a particular mRNA with ribosomes indicates whether the 
translation of the particular transcript is being controlled. 
 
Velocity sedimentation in sucrose gradients was introduced more than 40 years ago for 
assessing translational fitness of the cell. The polysome profile analysis has been routinely 
used to monitor the translational status under various physiological conditions, during stress 
and subsequent cell recovery, to reveal defects in ribosome biogenesis, to investigate 
functions of proteins involved in translation. Polysome analysis is well established in yeast 
translation research. However, the method can be easily modified for bacteria. We 
established an approach to rapidly access the translatome of bacterial cells especially in M. 
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bovis (BCG) and S. coelicolor. In this regard, the translatome refers to the pool of all RNA’s 
that are associated with ribosomes. Using the approach of separating the polysome and 
monosome from the free RNA in sucrose density gradients, the relative changes of 
translatome and global transcript levels in response to heat shock can be analysed. This 
analysis provides a catalogue of stress regulated genes. To achieve this, I performed 
microarray experiments on the total RNA isolated from extracts of mycelium and the RNA 
associated with ribosomes (monosome and polysome fractions) extracted from fractions 
collected after centrifugation of cell extracts in sucrose gradients (used as the sample).  
 
6.1 Stress dependant correlation of global transcript levels and 
translatome in Streptomyces coelicolor  
As a first step in the study of translational control in Streptomyces, we have undertaken a 
microarray-based analysis of the mRNA composition of polysome fractions isolated from S. 
coelicolor immediately prior to and after heat shock.  To monitor the effect of heat shock on 
translation the polysome profiles were recorded from treated cells. We applied stress (heat 
shock) to Streptomyces cultures grown under two different conditions: liquid and solid 
growth medium during the rapid phase of growth. The polysome analysis was also performed 
on surface grown cultures to ensure a more direct heat transfer to cells (heat shock stress) 
and therefore their immediate response. Microarray data analysis was performed by Dr. E. 
Laing and Dr C. Moller Levet, both at the University of Surrey. To generate a list of 
significantly expressed genes upon heat shock, statistical tests such as Rank Product analysis 
(Eisinga et al., 2013) were applied to obtain a list of differentially expressed genes with a p-
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value of less than 0.05 in either the transcriptome analysis or the translatome analysis. All 
the microarray data were normalised with ‘global median’ and ‘across-array’ normalisation 
procedures. 
 
6.2 Analysis of ribosome associated mRNAs in liquid culture 
The results demonstrated that many genes are preferentially translated following heat shock 
in liquid culture. Some of these are well known transcriptionally-induced heat shock genes 
such as hspR, dnaK, clpB, grpE, groESL and lon demonstrating the existence of 
‘potentiation’ in bacteria (enhancement of both transcription and translation). In liquid media 
tmRNA was highly expressed during heat shock signifying the presence of ribosome stalling 
on mRNA which can be reversed using this well conserved trans-translation system (Hayes 
and Keiler, 2010). DAVID (Database for Annotation, Visualisation and Integrated 
Discovery) annotation chart provided evidence about the global functional annotation of the 
preferentially translated genes. Among the total genes of global transcript levels ~2000 genes 
were differentially expressed between the conditions (30°C and 42°C) with more than 50 
genes encoding proteins of hypothetical function. This unexpected result indicated that our 
experimental design was not appropriate to identify differential gene expression between the 
two conditions as it is unlikely that ~2000 genes are differentially expressed at 42°C vs 30°C. 
The high correlation coefficient was due to the fact that they were derived from one culture 
that was split in two so it was decided that in future experiments the biological replicates had 
to be grown in separate flasks.  
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6.3 Analysis of ribosome associated mRNAs in Solid media 
When we performed similar experiments from S. coelicolor cultures grown on solid medium, 
the data analysis revealed a small number of differentially transcribed, translated, or both 
transcribed and translated genes between 30°C and 42°C when compared with the results of 
the liquid cultures. To try to explain these very different results we can think of other reasons 
other than the major difference outlined above: the biological replicates were not matched in 
their growth stages giving high variance in the data set and only a handful of differentially 
expressed genes or another major reason could be due to variation in the amount of cell 
extracts loaded  on the sucrose gradients which is reflected in the polysome profile with large 
peaks that were off the scale; normally the area of the first peak detected in the polysome 
profile mostly reflects the amount of TritonX-100 in the sample loaded in the sucrose 
gradient and indirectly corresponds to the sample volume) (Masek et al., 2011). Unexpected 
discrepancies in the polysome profile analysis might also be caused by degradation of RNA 
during a crude cell extract preparation and subsequent procedures.  
 
Therefore to avoid all these discrepancies, initially the biomass to load on sucrose density 
gradients was optimised. Microarray analysis of differential gene expression in experiment 
two (E2) resulted in identification of 13 potentiated genes. It included all major heat shock 
chaperones, hypothetical proteins, genes encoding components of pantothenate metabolism 
and members of the beta-carotene gene cluster. The expression of beta-carotene gene cluster 
could have been a consequence of the sudden exposure to light coincidentally to the heat 
shock as the induction of carotenogenesis by light was previously reported in S. coelicolor 
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(Weber et al., 2000). The experiment was repeated without visible light and the results 
proved that all the major heat shock chaperones, hypothetical proteins and pantothenate 
metabolism genes ere upregulated during heat shock and beta-carotene gene cluster was not 
upregulated. Many of the genes preferentially translated at 42°C encode hypothetical 
proteins; several encode ribosomal proteins and key central metabolic enzymes (e.g. TCA 
cycle and pentose phosphate pathway) surprisingly under stress conditions many of the 
commonly or selectively altered messages in the transcriptome (global transcript levels) and 
the translatome code for functionally related proteins that act in transport, DNA binding, 
metabolism showed increased abundance, whereas those involved in cell growth were not 
affected or were preferentially decreased.  
 
It is known that during stress a quick and transient switch occurs that blocks translation of 
mRNAs encoding for cell growth functions in favour of those mRNAs encoding functions 
that are essential to protect cells from the deleterious effects of protein mis-folding and 
protein aggregation. A selective translation initiation of specific transcripts during stress can 
result from differences in ribosome composition as has been elegantly demonstrated in the 
example of MazF/E toxin/antitoxin system in E. coli by (Vesper et al., 2011). During stress, 
the toxin endonuclease MazF cleaves selectively the bulk of mRNAs at a specific site in the 
5’ end of the mRNAs so that the Shine-Dalgarno sequence is removed and also it cleaves the 
16S rRNAs in the 30S ribosomal subunit so that the resultant ribosome sub-population don’t 
have an anti-Shine-Dalgarno sequence and therefore can only translate leaderless transcript 
encoding functions that are needed to cope with the stress. 
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6.4 Affinity purification of tagged ribosome proteins 
As a next step to polysome profiling in S. coelicolor, ribosome tagging/ribosome affinity 
purification (RAP) was conducted, which is based on tagging a ribosomal protein to capture 
fully assembled ribosomes on a matrix (Inada et al., 2002, Zanetti et al., 2005) and proposing 
to select specific ribosomal protein genes to be fused to an aptamer tag and integrated in the 
chromosome of S. coelicolor. RAP has been successfully adopted in yeast by (Halbeisen et 
al., 2009). It consists of the capture of the fully assembled ribosome on a matrix coated with 
the ligand specific for the aptamer tag. To ensure that this protocol captures fully assembled 
ribosomes on mRNA, one can perform western blotting to check for the presence of 
ribosomal subunit proteins.  Following elution, the affinity tagged ribosome can be treated 
with TEV protease for the removal of the tag and subjected to mass spectrometry for the 
identification of the protein component and by RNA-seq for the identification and 
quantification of the mRNA associated with ribosomes. My involvement in this specific part 
of the research project was in the purification of ribosomes through affinity purification to a 
Strep-Tactin resin and subsequent elution by adding biotin as a competitor. The purified 
ribosomes were analysed by Western analysis revealing the presence of Strep-tagged 
ribosomal proteins that were originally identified as possible targets on the basis of being 
solvent exposed and not essential for protein translation. Those ribosomal proteins were 
identified as SCO5591 encoding r-protein S16 and SCO3906 encoding r-protein S6. The first 
part of the research was carried out by Dr N. Locker, Prof C.P. Smith and Dr G. Bucca. 
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6.5 Translatome analysis in Mycobacterium bovis (BCG) 
Polysome extraction in M. bovis (BCG) was optimised and RNA samples were sent for Next 
Generation sequencing analysis performed by a collaborator of Prof. Graham Stewart, Prof 
Douglas Young and Dr Teresa Cortes at the MRC National Institute for Medical Research, 
London. Initial difficulties with polysome isolation may have been due to contamination with 
high molecular weight complexes that are not an integral part of ribosomes such as lipid rafts 
(possibly the excess lipid content of mycobacterial species in their cell wall). These 
contaminants had to be filtered out before loading the cell extracts onto the sucrose gradients. 
RNA sequencing analysis has revealed the list of genes which are significantly and 
differentially expressed during heat shock. The major genes induced during heat shock 
encode SerX, PE/PPE proteins, hypothetical proteins and putative transcriptional regulators 
along with major heat shock chaperones involved in protein folding and downregulation of 
genes involved in amino acid biosynthesis and intermediary metabolism and respiration. 
Thus, in this study,a protocol to isolate polysomes from M. bovis (BCG) was optimised and 
the RNA samples prepared from fractions were sequenced to provide a detailed analysis of 
differentially gene expression during heat shock at translational level. The finding of specific 
tRNAs over-expressed following heat shock is intriguing and should be studied further – and 
extended to S. coelicolor. The microarray based approach used for the Streptomyces analysis 
did not offer sufficient resolution to enable identification of specific tRNAs. Future work 
will involve RNA-seq based analysis of the S. coelicolor heat shock response, coupled with 
ribosome profiling (Ribo-seq) to assess translational control comprehensively (G. Bucca and 
C.P. Smith, personal communication). 
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      Summary 
 
An approach was established to access the translatome of S. coelicolor and M. bovis (BCG) 
using classical sucrose density gradient. The translatome refers to the amount of RNA 
associated with ribosomes. Using this approach, the relative changes of translatome and 
global transcript levels in response to heat shock was compared. This analysis has provided 
for the first time a catalogue of translationally regulated, stress-induced messages in S. 
coelicolor and M. bovis (BCG). Briefly, the polysome extraction from S. coelicolor was 
successful and microarray data revealed the list of potentiated genes which are translationally 
and transcriptionally active in both the conditions (30°C and 42°C). The protocol to extract 
polysomes from M. bovis (BCG) was optimised and the samples were sent for RNA 
sequencing. RNA sequencing data has provided a detailed analysis of differential gene 
expression during normal and heat shock (37°C and 45°C) at the translation level. Studies in 
S. coelicolor have been extended to ribosome tagging which is considered as an alternative 
approach to polysome profiling. Future work will include validating the microarray and RNA 
sequencing results using quantitative real time PCR. 
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A. Appendix  
SUPPLEMENTARY INFORMATION FOR CHAPTER TWO 
 
A.1 Chemicals and Reagents 
 
APS Ammonium persulfate 
BSA Bovine Serum Albumin 
CaCl2 Calcium Chloride 
CaCl2.6H20 Calcium Chloride Hexahydrate 
CIAP Calf-intestinal alkaline phosphatase 
ddH20 Double Distilled Water 
dATP Deoxy Adenosine Tri-Phosphate 
dCTP Deoxy Cytosine Tri-Phosphate 
dGTP Deoxy Guanosine Tri-Phosphate 
DMSO Dimethyl Sulfoxide 
dNTP Deoxy Nucloetide Tri-Phosphate 
DTT Dithiothreitol 
dTTP Deoxy Tyrosine Tri-Phosphate 
EDTA Ethylenediaminetetraacetic acid 
FeSO4.7H20 Iron (Viitanen et al.) Sulfate Heptahydrate 
HCl Hydrochloric Acid 
HRP Horse Radish Peroxidase 
Hyg Hygromycin 
IgG Immunoglobulin G 
K2HPO4 Dipotassium phosphate 
Kan Kanamycin 
KCl Potassium Chloride 
KOD Polymerase Thermococcus kodakaraenis (Masek et al.) DNA polymerase for PCR 
LiCl Lithium Chloride 
MgCl2 Magnesium Chloride  
MgCl2.6H20 Magnesium Chloride hexahydrate 
MgSO4 Magnesium Sulfate 
MnCl2.4H20 Manganese Chloride Tetra Hydrate 
MOPS 3-(N-morpholino)propanesulfonic acid 
NaCl Sodium Chloride 
NaH2PO4 Monosodium dihydrogen orthophosphate 
NaH2PO4.H20 Monosodium di-hydrogen phosphate monohydrate 
NaOH Sodium Hydroxide 
SDS Sodium dodecyl sulfate 
TEMED Tetramethylethylenediamine 
Tris-HCl Tris-Hydrochloric acid 
ZnSO4.7H20 Zinc Sulphate Heptahydrate  
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A.2 Abbreviations 
 
attP site Phage Attachment site in Lambda phage 
cDNA Complementary DNA 
CFU Colony Forming Unit 
dsDNA Double Stranded DNA 
DNA Deoxyribonucleic acid 
gDNA Genomic DNA 
IJISS ink-jet in-situ synthesis 
Int gene Int integration proteins vital to lysogeny. 
Kanr Kanamycin Resistant 
KO Knockout 
mRNA Messenger RNA 
OGT Oxford Gene Technology 
PAGE Polyacrylamide Agarose Gel Electrophoresis 
PCR Polymerase Chain Reaction 
PVDF Polyvinylidene fluoride 
Q-PCR Quantitative real-time PCR 
RNA Ribonucleic Acid 
RPM Revolutions per Minute 
rRNA Ribosomal RNA 
RT Root Temperature 
R1- Replicate 1 
R2- Replicate 2 
 
A.3 Microorganisms used 
 
M. bovis (BCG) Mycobacterium bovis (Bacillus Calmette–Guérin) 
S. coelicolor Streptomyces coelicolor 
E. coli Escherichia coli 
DH5-α Most frequently used E. coli strain for routine cloning applications 
 
A.4 Media Used 
 
LB Agar Luria-Bertani Agar 
MS Mannitol Soya Flour Medium 
SMMS Supplemented Minimal Medium, solid 
SOC Medium Super optimal broth with catabolic repressor 
YEME Yeast Extract-Malt Extract Medium 
7H9 Media 
7H11 Media 
7H9 with Kanamycin 
7H11 with 2% Sucrose and 50 µg/mL Hygromycin 
7H11 with 15 µg/mL Kanamycin 
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BH1 Media 
 
A.5 Media Preparation 
 
A.5.1 MS Mannitol Soya Flour Medium 
 
20 g Agar 
20 g Mannitol 
20g Soya Flour 
Water to 1000 mL 
 
Autoclaved twice with gentle shaking and poured 200 mL into 250 mL Erlenmeyer flask 
containing 2 g Agar and 2 g Soya flour. 
 
A.5.2 SMMS Supplemented Minimal Medium, solid 
 
2 g Difco Casaminoacids 
5.73 g TES Buffer (25 mM) 
Water to 1000 mL 
 
Poured 200 mL of the solution into 250 mL Erlenmeyer flask each containing 3 g of Lab M 
agar.  Autoclaved and added the following  
 
2 mL NaH2PO4 + K2HPO4 (50 mM) final 1 mM 
1 mL MgSO4 (1M) final 5 mM  
3.6 mL Glucose (50 % w/v) final (50 mM) 
0.2 mL Trace Elements  
 
A.5.3 SOC Medium Super optimal broth with catabolic repressor (250 mL Total 
Volume) 
 
1. 25 g Yeast Extract 
5 g Tryptone 
0.15 g NaCl 
0.005 g KCl 
0.51 g MgCl2 
2.5 mL MgSO4 
Autoclaved the solution  
Added 10 mL of 20 % Glucose 
Adjust pH to 7  
Water to 250 mL 
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A.5.4 YEME Yeast Extract-Malt Extract Medium 
 
3 g Difco Yeast extract 
5 g Difco Bacto Peptone 
3 g Oxoid malt extract 
10 g Glucose 
100 g (10 %) Sucrose  
Water to 1000 mL 
After autoclaving 2 mL/litre (5 mM final) added 2.5 M of MgCl2.6H20 
 
A.5.5 2YT Media Preparation 
 
2YT media was prepared by adding  
16 g of Difco Bacto Tryptone  
10 g of Difco Bacto Yeast Extract 
 5 g of NaCl and the volume was made upto 1000 mL. 
 
A.5.6 7H9 Medium 
 
4.7 g 7H9 powder 
2 mL Glycerol 
0.5 mL of 0.05 % Tween  
Water to 900 mL  
 
A.5.7 7H9 with 15 µg/mL of Kanamycin 
 
4.7 g 7H9 powder 
2 mL Glycerol 
0.5 mL of 0.05 % Tween  
Water to 900 mL  
Autoclave 
300 µL of Kanamycin was added 
 
A.5.8 7H11 Medium 
 
21 g 7H11 agar 
5 mL Glycerol 
Water to 900 mL and autoclaved 
Left at RT 
100 mL of OADC was added 
 255 
 
A.5.9 7H11 with 2% Sucrose and 50 µg/mL Hygromycin 
 
21 g 7H11 agar 
5 mL Glycerol 
Water to 900 mL and autoclaved 
Left at RT 
20 mL of 2 % filter sterilized Sucrose solution was added 
1 mL of 50 µg/mL of Hygromycin 
 
A.5.10 BH1 Media 
 
2g Bacteriological agar 
7.4 g Brain Heart infusion broth 
Water to 200 mL 
Autoclaved and stored at 4°C 
 
A.6 Media Supplements 
 
ADC Albumin Dextrose Catalase 
OADC Oleic Acid Albumin Dextrose Catalase 
 
A.7 Trace elements solution preparation 
 
Fresh trace element solution was made by adding  
0.1 g/L of ZnSO4.7H2O, FeSO4.7H2O, MnCl2.4H2O, CaCl2.6H2O and NaCl every 2 weeks 
and stored at 40o C. 
 
A.8 Buffers Used 
 
Buffer EB:  Elution Buffer: 10 mM Tris-HCl, pH 8.5 (Proivided in Qiagen Mini Prep Kit) 
Buffer N3:  Neutralisation Buffer 4 M guanidine HCl, 0.5 M potassium acetate, pH 4.2 
(Proivided in Qiagen Mini Prep Kit) 
Buffer PBS:  Phosphate Buffered Saline 
Buffer PBS-T: Phosphate Buffered Saline with Tween 
Buffer P1: Resuspension Buffer 50 mM Tris-HCl, 10 mM EDTA, pH 8.0 (25°C, the same 
below), 50 ug/ml RNase A 
Buffer P2:  Lysis Buffer 0.2 M NaOH, 1% SDS (Proivided in Qiagen Mini Prep Kit) 
Buffer P3: Neutralisation Buffer, 5 M Potassium acetate, Glacial acetic acid, Water 
Buffer PB: Washing Buffer: 5 M guanidine HCl, 20 mM Tris-HCl, pH 6.6, 38% ethanol 
Proivided in Qiagen Mini Prep Kit 
Buffer PE: Washing Buffer: 100 mM NaCl, 10 mM Tris-HCl, pH 7.5, add 4 volume ethanol 
before use Proivided in Qiagen Mini Prep Kit 
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Buffer RLT: Binding Buffer with guanidine isothiocycanate, which supports the binding of 
RNA to the silica membrane. 
Buffer RPE: Mild Washing Buffer to Remove Traces of Salt 
Buffer RW1: Contains guanidine salt and ethanol to remove carbohydrates, proteins, fatty 
acids bound to the silica membrane. 
Buffer TAE: Tris Acetate EDTA Buffer with 2.0 M Tris acetate, 0.05 M EDTA, pH 8.2 - 8.4 
(at 25°C) 
Buffer QBT: Equilibration Buffer 750 mM NaCl, 50 mM MOPS (pH 7.0), 15% (v/v) 
isopropanol, 0.15% (v/v) Triton X-100 (Qiagen Midi Kit) 
 
A.9 Buffer Preparation 
 
A.9.1 P1 Buffer                                                            
 
50 mM Tris-HCl pH 8.0 
10 mM EDTA 
100 μg/ml RNaseA 
 
A.9.2 P2 Buffer 
 
200 mM NaOH 
1% SDS 
 
A.9.3 P3 Buffer 
 
5 M Potassium acetate 
11.5 mL Glacial acetic acid 
Water to 100 mL 
 
A.9.4 N3 Buffer 
 
4.2 M Gu-HCl 
0.9 M potassium acetate 
pH 4.8 
 
A.9.5 PE Buffer 
 
10 mM Tris-HCl pH 7.5 
80% ethanol 
 
A.9.6 TE Buffer 
 
Tris 1 M 
EDTA 0.5 M 
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Water to 100 mL 
 
A.9.7 QBT Buffer (equilibration buffer) 
 
750 mM NaCl 
50 mM MOPS pH 7.0 
15% isopropanol 
0.15% triton X-100 
 
A.9.8 PBS Buffer (10X) (Total Volume 1 L) 
 
1.37 M NaCl 
27 mM KCl 
100 mM Na2HPO4  
18 mM KH2PO4 
Dissolved in 800 mL of water, pH was adjusted to 7.4 with HCl, Autoclaved and 
stored at RT 
 
A.9.9 PBS Buffer (1X) 
 
NaCl 137 mM 
KCl 2.7 mM 
NaH2PO4 10 mM 
 
A.9.10 TAE Buffer (50X) 
2.0 M Tris acetate 
0.05 M EDTA 
pH 8.2 - 8.4 (at 25°C) 
 
A.9.11 TAE Buffer (50X) 
2.0 M Tris acetate 
0.05 M EDTA 
pH 8.2 - 8.4 (at 25°C) 
 
A.9.12 TAE buffer (1X) 
 
 40 mM Tris acetate 
 1 mM EDTA 
 pH 8.2 - 8.4 (at 25°C) 
 
A.9.13 NP-T Lysis Buffer 
 
50 mM NaH2PO4 
300 mM NaCl 
 258 
 
0.05 % Tween 20  
Volume made to 1 L using Water  
pH adjusted to 8 with NaOH 
 
A.9.14 NPB-T Elution Buffer 
 
50 mM NaH2PO4 
300 mM NaCl 
0.05 % Tween 20  
10 mM Biotin  
pH adjusted to 8 with NaOH 
 
A.9.15 Lysis Buffer (Total Volume 100 mL) 
 
1 M Tris-HCl 
2 M KCl 
1 M MgCl2 
0.1 M DTT 
Triton X 100 
Heparin 20 mg/mL 
Chloramphenicol 80 µg/mL 
Volume made upto 100 mL with Water 
 
A.9.16 Lysis Buffer Cocktail (Total Volume 12 mL) 
 
27.5 µL RNase out 
10 µL DNase 
1 Tablet of Protease Inhibitor  
 
A.9.17 5X Tris Glycine Buffer 
 
15 g Tris Base 
72 g Glycine 
5 g SDS 
pH adjusted to 8.3 
 
A.9.18 1X Tris Glycine Buffer 
 
             200 mL of 5X Glycine Buffer with 800 mL of water 
 
A.9.19 Pump Solution (65%) 
 
32.5 g Sucrose 
50 mL Water 
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32 µL Bromophenol Blue 
 
A.9.20 Phenol chloroform  
 
Buffered Phenol 50 mL 
Chloroform 50 mL 
 
A.9.21 RPM Hybridisation Buffer 
 
            Polyethylene glycol octaphenol ether 
Sulphuric acid, monododecyl ester,  
Lithium salt 
Ethylene diamine tetra acetic acid 
Lithium chloride 
4-morpholineethanesulfonic acid 
Oxirane,  
Water 
 
A.9.22 5X First Strand Buffer 
 
250 mM Tris-HCl pH 8.3 
15 mM MgCl2 
375 mM KCl 
 
A.9.23  Blocking Buffer:  
 
5 % BSA in PBS- T 
 
A.9.24 Washing Buffer: PBS-T  
 
1X PBS 
1 % Tween 20 
 
A.9.25 Binding Buffer: 
  
2.5 % BSA in PBS-T 
 
A.9.26 Running and Transfer Buffer 10X stock:  (Total Volume 2.5 L) 
 
250 mM Tris Base 75.71 g 
1.92 M Glycine 360.33 g 
 
 
 
 260 
 
A.9.27 Running and Transfer buffers working solution 
 
100 mL 10X stock solution  
900 mL MilliQ Water 
1% SDS 
 
A.9.28 Loading Dye (X 2 Laemmli) 
 
2 mL Glycerol 
0.4 g SDS 
1 mL β-Mercaptoethanol 
0.4 mg Bromophenol Blue 
5 mL 4X Tris HCl 
            Water to 100 mL 
 
A.9.29 Ponceau S 
 
1 g Ponceau S 
50 mL Acetic acid 
 
A.9.30 4X Tris-HCl 
 
1.515 g Tris Base 
50 mL water 
pH 6.8 
 
A.10 Gradient Preparation 
 
75 % Sucrose (w/v): Stock Solution: Dissolve 75 g in 100 mL water and filter  
 
10 % Sucrose (10 mL) 
 
1.33 mL 75 % Sucrose, final 10 % 
200 µL 1 M Tris-HCl pH 8, final 20 mM 
700 µL 2 M KCl, final 140 mM 
50 µL 1 M MgCl2, final 5 mM 
50 µL 0.1 M DTT, final 0.5 mM 
10 µL 80 µg/mL Chloramphenicol, final 0.1 mg/mL 
250 µL 20 mg/mL Heparin, final 0.5 mg/mL 
7.41 µL ddH20 
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20 % Sucrose (10 mL) 
 
1.67 mL 75 % Sucrose, final 20 % 
Others as above 
1.07 mL ddH20 
 
30 % Sucrose (10 mL) 
 
4 mL 75 % Sucrose, final 30 % 
Others as above 
4.74 mL ddH20 
 
 
40 % Sucrose (10 mL) 
 
1.33 mL 75 % Sucrose, final 40 % 
Others as above 
1.41 mL ddH20 
 
50 % Sucrose (10 mL) 
 
1.67 mL 75 % Sucrose, final 50 % 
Others as above  
2.07 mL ddH20 
 
A.11 Restriction Enzymes Used 
 
PstI 
BamH1 
Spe1 
Sac1 
 
A.12 Chemicals purchase  
 
7H11 Agar (Difco) 
7H9 Agar (Difco) 
Acetic Acid (Fischer Scientific) 
Acrylamide (Ambion) 
ADC (Sigma) 
APS (Sigma) 
Bactopeptone (BD) 
Bam HI (Promega) 
Bateriophage Agar (Oxoid) 
Bioanalyser 2100 (Agilent) 
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Biotin (Sigma) 
Bromophenol Blue Dye (Fluka) 
CaCl2.6H20 (Fischer Scientific) 
Chloramphenicol (Sigma) 
Difcocasaminoacids (Fischer Scientific) 
DMSO (Sigma) 
DNA polymerase (Phusion) 
DNase (Zymo Research) 
DTT (Fluka) 
Electroporation cuvette (Fischer Scientific) 
Ethanol (Fischer Scientific) 
Fast Prep machine (Thermo Savant) 
FeSO4.7H20 (Fischer Scientific) 
Filter Tips (Tip One Star Lab) 
Glucose (Sigma) 
Glycerol (Fishcer Scientific) 
Glycol Blue/Glycogen carrier (Ambion) 
Glycine (Fischer Scientific) 
Heparin (Sigma) 
HRP-IgG (Millipore) 
Hygromycin (Fischer Scientific) 
K2HPO4 (Sigma) 
Kanamycin (Sigma) 
KCl (Sigma) 
KOD Polymerase (Novagen) 
Laemmelli Dye (BioRad) 
Malt Extract (Oxoid) 
Mannitol (Sigma) 
Methanol (Fischer Scientific) 
MgCl2 (Sigma) 
MgSO4 (Sigma) 
MnCl2.4H20 (Fischer Scientific) 
NaCl (Sigma) 
NaH2PO4 (Sigma) 
Nanodrop 2000 (Thermo Scientific) 
Nuclease Free Water (Ambion) 
OADC (Scientific Labs) 
Phenol Chloroform (Ambion) 
Polyallomer Tubes – 15 mL (Beckman Coulter) 
Polystyrene filter unit type CA 250ml 250ml 0.45µm-cellulose acetate-membrane (Nalgene 
Thermo Scientific) 
Primers (Eurofins) 
PstI (New England Biolabs) 
PVDF (Immobilon, 0.45 µm pore size, cut size 26.5 cm x 3.75 m) 
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Random Primers (BIO-RAD) 
RNA Protect (Qiagen) 
RNAse Zap (Ambion) 
Sac I (New England Biolabs ) 
SDS (Sigma) 
Soya Flour (Community Foods Ltd) 
Spe I (Promega) 
Streptactin Magnetic Beads (Qiagen 2 x1 mL) 
Sucrose (Sigma) 
T4 DNA Ligase (BioLabs) 
Tag Polymerase (Promega) 
TEMED (Sigma) 
TES Buffer (Fischer Scientific) 
Tissue Lyser (Qiagen) 
Tris Base (Fluka) 
Tris HCl (Invitrogen) 
Triton-X-100 (Sigma) 
Trizol (Invitrogen) 
Tween 20 (Sigma) 
Tween 80 (Sigma) 
Yeast Extract (BD) 
ZnSO4.7H20 (Fischer Scientific) 
β-Mercaptoethanol (Fluka)  
 
 
A.13 Units 
 
% - percentage 
µF - microfarad 
µg - microgram 
µL - microliter 
µM - micro molar 
A - Absorbance 
C - Celsius 
cm - centimetre 
d - Days 
g - Grams 
g – Relative centrifugal force 
g/cm3 – gram/centimeter3 
g/L – gram/litre 
h - Hours 
kb - kilo base 
kV - kilovolts 
L - Litre 
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M - Molarity 
mA - miliampere 
mg - milligram 
mg/mL – milligram/millilitre 
min - minutes 
mL - millilitre 
Mm - millimetre 
mM - milimolar 
N - Normality 
ng/µL – Nano gram/microliter 
nm - nanometre 
Nt - nucleotides 
O/N - overnight 
OD – optical density 
pg/µL – pictogram/microliter 
pH - potential of Hydrogen 
Sec - seconds 
U/mL – units/mililitre 
V - Volts 
v/v – volume/volume 
W/V – weight/volume 
Ω - ohms 
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B. Appendix  
SUPPLEMENTARY DATA FOR CHAPTER THREE 
 
B.1 First experiment; Initial attempt at polysome profiling in Streptomyces 
coelicolor grown on solid SMMS medium 
 
B.1.1 Nanodrop readings for RNA extracted from polysome fractions collected at 33.5 
h 
 
Nanodrop results after LiCl precipitation in RNA extraction of S. coelicolor 30°C and 42°C 
R2 at 33.5 h. The amount of RNA in polysome fractions were too low to proceed further and 
therefore had to re- precipitate from the ethanol supernatants saved in the initial RNA 
extraction 
 
Sample ID Nucleic Acid 
ng/µL  
260/280 260/230 Yield in µg (in 25 µL 
total volume) 
30°C R2 polysomes 167.8 1.96 4.08 4.1 
42°C R2 polysomes 181.7 1.97 2.56 4.5 
 
Nanodrop result for the 2nd extraction of 30°C R2 33.5 h Polysome and 42°C R2 33.5h 
Polysome fractions using mega clear kit 
 
Sample ID Nucleic Acid  
ng/µL 
260/280 260/230 Yield in µg (in 25 µL 
total volume) 
30°C R2 polysomes 16.6 1.78 1.39 4.15 
42°C R2 polysomes 36.4 1.95 2.02 9.5 
 
Nanodrop results after Licl precipitation and 75 % ethanol wash. The RNA concentration 
was very low and a further reprecipitation was carried out using sodium acetate and ethanol.  
Sample ID Nucleic Acid  
ng/µL 
260/280 260/230 Yield in µg (in 25 µL 
total volume) 
30°C R2 Monosomes  93.8 2.08 2.37 2.35 
30°C R2 Polysomes  3.2 2.27 0.74 0.08 
42°C R2 Monosomes  86.7 1.98 2.36 2.17 
42°C  R2 Polysomes  1.5 2.61 3.96 0.04 
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Final nanodrop results for RNA extraction from polysome fractions 
 
B.1.2 Nanodrop readings for RNA extracted from polysome fractions  
 
 
 
Total RNA extraction  
B.1.3 Bioanalyser results 
 
Bio analyser result for 30°C and 42°C R2  
 
 
Sample ID Nucleic Acid  
ng/µL 
260/280 260/230 Yield in µg (in 25 µL 
total volume) 
30°C R2 Monosomes  93.8 2.08 2.37 2.35 
30°C R2 Polysomes  16.6 2.27 0.74 0.42 
42°C R2 Monosomes  86.7 1.98 2.36 2.17 
42°C R2 Polysomes  36.4 2.61 3.96 0.91 
Sample ID Nucleic Acid 
ng/µL 
260/280 260/230 Yield in µg (in 25 µL 
total volume) 
30°C R2 Total RNA 828 2.07 2.28 20.70 
42°C R2 Total RNA  666.2 2.05 2.23 16.66 
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B.1.4 cDNA for RNA samples extracted from polysome fractions and total RNA 
extracted from cell pellets collected at 33.5 h 
 
Sample ID Nucleic acid 
ng/µL 
Cy3 pmol/µL Cy5 
pmol/µL 
30°C R2 33.5 h Monosomes 111.9 2.1 0.7 
30°C R2 33.5 h Polysomes 14.3 -0.2 0.4 
42°C R2 33.5 h Monosomes 151.7 4.5 0.4 
42°C R2 33.5 h Polysomes 10.7 0.2 0.3 
Total RNA 30°C R1 at 33.5 h  306.7 4.5 0.3 
Total RNA 30°C R2 at 33.5 h  191.6 2.5 0.2 
Total RNA 42°C R1 at 33.5 h 132.9 2.3 0.2 
Total RNA 42°C R2 at 33.5 h 191.6 3.1 0.1 
gDNA  87.5 0.9 4.6 
 
(*R1- Replicate 1, R2-Replicate 2) 
Microarray Nanodrop data for 33.5 h 30°C and 42°C Replicate 2  
 
B.2 Second experiment; Polysome profiling of S. coelicolor grown on solid SMMS 
medium using less biomass to load on sucrose gradients 
B.2.1 Nanodrop readings for RNA extracted from polysome fractions 
 
Phenol chloroform extraction  
 
 
Sodium acetate and ethanol precipitation  
 
(*R1- Replicate 1, R2-Replicate 2) 
 
Sample ID Nucleic Acid  
ng/µL 
260/280 260/230 Yield in µg (in 25 
µL total volume) 
30°C R1  Monosomes  64.7 1.94 2.31 1.62 
30°C R1 Polysomes  7.5 2.06 1.69 0.19 
30°C R2 Monosomes  93.8 2.08 2.37 2.35 
30°C R2 Polysomes  3.2 2.27 0.74 0.08 
42°C R1  Monosomes  106.4 2.12 2.18 2.66 
42°C R1  Polysomes  46.5 2.03 1.21 1.16 
42°C R2  Monosomes  86.7 1.98 2.36 2.17 
42°C R2  Polysomes  1.5 2.61 3.96 0.04 
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Lithium chloride precipitation  
 
RNA recovery from ethanol supernatants 
 
Sample ID Nucleic acid 
ng/µL 
260/280 260/230 Yield in µg (in 25 µL 
total volume) 
30°C R1  Monosomes  33 1.7 0.76 0.83 
30°C R1 Polysomes  38 1.7 0.74 0.95 
30°C R2 Monosomes  28.2 1.89 0.74 0.71 
30°C R2 Polysomes  2.2 1.41 1.15 0.06 
42°C R1  Monosomes  1.5 1.58 1.28 0.04 
42°C R1  Polysomes  3.6 1.57 1.5 0.09 
42°C R2  Monosomes  21 1.83 1.87 0.53 
42°C R2  Polysomes  42 2.01 2.04 1.05 
Sample ID Nucleic Acid 
ng/µL 
260/280 260/230 Yield in µg (in 25 µL 
total volume) 
30°C R1  Monosomes  179.7 2.11 2.06 4.49 
30°C R1 Polysomes  38.1 1.55 0.87 0.95 
30°C R2 Monosomes  307.1 2.09 2.15 7.68 
30°C R2 Polysomes  78.7 1.82 1.67 1.97 
42°C R1  Monosomes  248 2.06 2.02 6.20 
42°C R1  Polysomes  64 1.88 1.98 1.60 
42°C R2  Monosomes  250 1.98 2.07 6.25 
42°C R2  Polysomes  51.4 1.91 1.84 1.29 
Sample ID Nucleic Acid 
ng/µL 
260/280 260/230 Yield in µg (in 25 
µL total volume) 
30°C R1  Monosomes  441.2 2.15 1.58 11.03 
30°C R1 Polysomes  30.7 2.18 1.28 0.77 
30°C R2 Monosomes  305.8 2.15 2.06 7.65 
30°C R2 Polysomes  88 2.15 1.75 2.20 
42°C R1  Monosomes  263.3 2.15 2.06 6.58 
42°C R1  Polysomes  59.2 2.12 1.29 1.48 
42°C R2  Monosomes  200 2.13 2.10 5.00 
42°C R2  Polysomes  42 2.10 1.98 1.05 
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Final nanodrop readings for RNA samples after purification using mega clear kit columns  
 
(*R1- Replicate 1, R2-Replicate 2) 
 
B.2.2 Nanodrop readings for Total RNA extraction 
 
Total RNA extraction  
 
Sample ID ng/µL 260/280 260/230 
30°C R1 Total RNA  901.8 2.09 2.22 
30°C R2 Total RNA 828 2.07 2.28 
42 R1 Total RNA 995.5 2.06 2.23 
42 R2 Total RNA   766.2 2.05 2.23 
 
B.2.3 Bioanalyser results 
 
 
Lane 1 - 30°C R1  Monosomes, Lane 2 - 30°C R1 Polysomes, Lane 3 - 30°C R2 Monosomes, 
Lane 4 - 30°C R2 Polysomes, Lane 5 - 42°C R1  Monosomes, Lane 6 - 42°C R1  Polysomes, 
Lane 7 - 42°C R2  Monosomes, Lane 8 - 42°C R2  Polysomes, Lane 9 - 30°C R1 Total RNA, 
Sample ID Nucleic Acid 260/280 260/230 Yield in µg (in 25 
µL total volume) 
30°C R1  Monosomes  215.3 2.1 1.83 5.38 
30°C R1 Polysomes  121.9 2.06 2.02 3.05 
30°C R2 Monosomes  253.5 2.02 2.16 6.34 
30°C R2 Polysomes  144.1 2.01 2.17 3.60 
42°C R1  Monosomes  361.4 2.01 1.85 9.04 
42°C R1  Polysomes  111.6 2.02 2.26 2.79 
42°C R2  Monosomes  146.4 2.03 1.96 3.66 
42°C R2  Polysomes  105.9 1.94 1.8 2.65 
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Lane 10 - 30°C R2 Total RNA, Lane 11 - 42°C R1 Total RNA, Lane 12 - 42°C R2 Total 
RNA 
 
B.2.4 cDNA labelling for RNA samples from polysome fractions 
 
 
Sample ID  Nucleic 
Acid 
Unit 260/280 Cy3 
pmol/ul 
Cy5 
pmol/ul. 
30°C R1 Monosome 77.6 ng/µl 1.64 5.8 -0.1 
30°C R1 Polysome 153.2 ng/µl 1.64 5.7 -0.2 
42°C R1 Monosome 62.8 ng/µl 1.63 3.7 -0.2 
42°C R1 Polysome 95.5 ng/µl 1.62 4.1 -0.2 
30°C R2 Monosome 58.4 ng/µl 1.66 2.2 -0.1 
30°C R2 Polysome 86 ng/µl 1.62 3 -0.1 
42°C R2 Monosome 140.8 ng/µl 1.65 8 -0.2 
42°C R2 Polysome 172.1 ng/µl 1.67 14.4 -0.2 
 
B.2.5 cDNA labelling for RNA samples from Total RNA 
 
Table cDNA labelling results for total RNA extraction 
 
B.3 Third experiment; Polysome profiling of Streptomyces coelicolor grown on solid 
SMMS medium (without exposure to visible light) 
B.3.1 Nanodrop readings for RNA extracted from polysome fractions 
 
Table RNA extraction from monosome and polysome samples 
 
Sample ID Nucleic acid ng/µL 260/280 260/230 Yield in µg (in 25 
µL total volume) 
30°C R1 Monosome 517 1.7 1.76 12.93 
30°C R1 Polysome 625.9 1.7 1.74 15.65 
42°C R1 Monosome 277.2 1.89 1.74 6.93 
42°C R1 Polysome 363.7 1.41 1.15 9.09 
Sample ID Nucleic 
Acid 
Unit 260/280 Cy3 
pmol/ul 
Cy5 
pmol/ul 
30°C R1 Total RNA 91 ng/µl 1.71 3.8 0 
30°C R2 Total RNA 148.5 ng/µl 1.47 3.5 -0.4 
42°C R1 Total RNA 111.1 ng/µl 1.66 3.7 -0.1 
42°C R2 Total RNA 52.4 ng/µl 1.58 1.6 -0.1 
Genomic DNA 62.7 ng/µl 1.88 0.2 1.7 
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30°C R2 Monosome 288 1.58 1.28 7.20 
30°C R2 Polysome 225.2 1.57 1.5 5.63 
42°C R2 Monosome 285.3 2 1.63 7.13 
42°C R2 Polysome 285.9 1.98 2.36 7.15 
 
(*R1- Replicate 1, R2-Replicate 2) 
 
B.3.2 Nanodrop readings for Total RNA samples 
 
Table RNA extraction from total RNA samples 
 
Sample ID Nucleic Acid 
ng/µL 
260/280 260/230 Yield in µg (in 25 
µL total volume) 
30°C R1 Total RNA 759 2.13 1.99 18.98 
30°C R2 Total RNA 2094.7 2.1 2.1 52.37 
42°C R1 Total RNA 1136 2.1 2.17 28.40 
42°C R2 Total RNA 778.3 2.06 2.14 19.46 
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B.3.3 Bioanalyser results 
 
 
 
    
Bioanalyser results for polysome profiling in S. ceolicolor grown on solid media (SMMS) 
without visible light.  
A) Lane 1 – 30°C R1 Monosome 
     Lane 2 - 30°C R1 Polysome 
     Lane 3 – 42°C R1 Monosome 
     Lane 4 - 42°C R1Polysome 
     Lane 5 - 30°C R2 Monosome 
     Lane 6 – 30°C R2 Polysome 
     Lane 7 - 42°C R2 Monosome 
     Lane 8 - 42°C R2 Polysome 
B) Lane 1 – 30°C R1 Total RNA 
     Lane 2 – 30°C R2 Total RNA 
     Lane 3 – 42°C R1 Total RNA 
     Lane 4 - 42°C R2 Total RNA 
 
(*R1- Replicate 1, R2-Replicate 2) 
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B.3.4 cDNA labelling for RNA samples from polysome fractions 
 
Table cDNA labelling for monosome and polysome RNA samples 
Sample ID  Nucleic 
Acid 
Unit 260/280 Cy3 
pmol/ul 
Cy5 
pmol/ul. 
30°C R1 Monosome 97.6 ng/µl 1.64 5.8 -0.1 
30°C R1 Polysome 103.2 ng/µl 1.64 5.7 -0.2 
42°C R1 Monosome 82.8 ng/µl 1.63 3.7 -0.2 
42°C R1 Polysome 85.5 ng/µl 1.62 4.1 -0.2 
30°C R2 Monosome 58.4 ng/µl 1.66 2.2 -0.1 
30°C R2 Polysome 76 ng/µl 1.62 3 -0.1 
42°C R2 Monosome 120.8 ng/µl 1.65 8 -0.2 
42°C R2 Polysome 172.1 ng/µl 1.67 14.4 -0.2 
 
B.3.5 cDNA labelling for RNA samples from Total RNA 
 
Table cDNA labelling results for total RNA extraction 
(*R1- Replicate 1, R2-Replicate 2) 
 
B.4 Combined microarray data analysis using five biological replicates  
 
B.4.1 Total list of genes which were transcriptionally and transnationally 
differentially expressed during heat shock at 42°C  
 
Transcription significant up annotation 
 
SCOnumber Primary_gene_name ProteinName 
SCO0193  Putative DNA-binding regulator 
SCO0231  Uncharacterized protein 
SCO0517  Uncharacterized protein (Fragment) 
SCO0600 sigB RNA polymerase sigma factor sig8 (SigB) 
SCO0678  UPF0337 protein SCO0678 
Sample ID Nucleic 
Acid 
Unit 260/280 Cy3 
pmol/ul 
Cy5 
pmol/ul 
30°C R1 Total RNA 81 ng/µl 1.71 3.8 0 
30°C R2 Total RNA 128.5 ng/µl 1.47 3.5 -0.4 
42°C R1 Total RNA 106.1 ng/µl 1.66 3.7 -0.1 
42°C R2 Total RNA 52.4 ng/µl 1.58 1.6 -0.1 
Genomic DNA 22.7 ng/µl 1.88 0.2 1.7 
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SCO0679  Uncharacterized protein 
SCO0693  Putative membrane protein 
SCO0827  Uncharacterized protein 
SCO1713  Uncharacterized protein 
SCO2315  Putative membrane protein 
SCO2486  Putative nitrite reductase NirB 
SCO2488  Putative nitrite reductase small subunit NirC 
SCO2489  Putative tetR-family transcriptional regulator 
SCO3111  Putative ABC transport system ATP-binding 
protein 
SCO3187  Uncharacterized protein 
SCO3465  Uncharacterized protein 
SCO3468 IS469-ORF Transposase 
SCO3473  Putative aldolase 
SCO3481  Uncharacterized protein 
SCO3482  Putative sugar-permease 
SCO3483  Putative integral membrane transport protein 
SCO3668 hspR Putative heat shock protein HspR 
SCO3669 dnaJ1 Chaperone protein DnaJ 1 
SCO3670 grpE Protein GrpE (HSP-70 cofactor) 
SCO3671 dnaK Chaperone protein DnaK (HSP70) (Heat shock 
70 kDa protein) (Heat shock protein 70) 
SCO3802  Putative membrane protein 
SCO4005  Putative RNA polymerase sigma factor 
SCO4198  Putative DNA-binding protein 
SCO4199  Uncharacterized protein 
SCO4296 groL2/groEL2 60 kDa chaperonin 2 (GroEL protein 2) (Protein 
Cpn60 2) 
SCO4317  Uncharacterized protein 
SCO4761 groS/groES 10 kDa chaperonin (GroES protein) (Protein 
Cpn10) 
SCO4762 groL1/groEL1 60 kDa chaperonin 1 (HSP58) (Protein Cpn60 1) 
(groEL1 protein) 
SCO4903  Putative membrane protein 
SCO5285 lon Lon protease (EC 3.4.21.53) (ATP-dependent 
protease La) 
SCO5917  Uncharacterized protein 
SCO6499  Putative gas vesicle synthesis protein 
SCO7238  Uncharacterized protein 
SCO7278  RNA polymerase sigma factor 
 275 
 
SCO7325  Anti-sigma factor antagonist 
SCO7442  Uncharacterized protein 
SCO7446  Putative regulator 
SCO7646  Putative membrane protein 
SCO7754  Putative anti-sigma factor antagonist 
SCO7755  Uncharacterized protein 
SCO7756  Uncharacterized protein 
 
Transcription significant up enrichment analysis 
 
Gene_Ontology_identifier Description GO_term 
GO:0005488 binding molecular_function 
GO:0005515 protein binding molecular_function 
GO:0006457 protein folding biological_process 
 
Monosome significant up annotation  
 
SCOnumber Primary_gene_name ProteinName 
SCO0231  Uncharacterized protein 
SCO0678  UPF0337 protein SCO0678 
SCO2315  Putative membrane protein 
SCO3111  Putative ABC transport system ATP-binding 
protein 
SCO3187  Uncharacterized protein 
SCO3668 hspR Putative heat shock protein HspR 
SCO3669 dnaJ1 Chaperone protein DnaJ 1 
SCO3670 grpE Protein GrpE (HSP-70 cofactor) 
SCO3671 dnaK Chaperone protein DnaK (HSP70) (Heat 
shock 70 kDa protein) (Heat shock protein 70) 
SCO4005  Putative RNA polymerase sigma factor 
SCO4198  Putative DNA-binding protein 
SCO4199  Uncharacterized protein 
SCO4296 groL2/groEL2 60 kDa chaperonin 2 (GroEL protein 2) 
(Protein Cpn60 2) 
SCO4317  Uncharacterized protein 
SCO4761 groS/groES 10 kDa chaperonin (GroES protein) (Protein 
Cpn10) 
SCO4762 groL1/groEL1 60 kDa chaperonin 1 (HSP58) (Protein Cpn60 
1) (groEL1 protein) 
SCO4903  Putative membrane protein 
 276 
 
SCO5285 lon Lon protease (EC 3.4.21.53) (ATP-dependent 
protease La) 
SCO5917  Uncharacterized protein 
SCO6499  Putative gas vesicle synthesis protein 
SCO7238  Uncharacterized protein 
SCO7325  Anti-sigma factor antagonist 
SCO7446  Putative regulator 
SCO7646  Putative membrane protein 
SCO7754  Putative anti-sigma factor antagonist 
SCO7755  Uncharacterized protein 
SCO7756  Uncharacterized protein 
SCO0009 
SCO7838 
 Uncharacterized protein 
SCO0035  Uncharacterized protein 
SCO0045  Uncharacterized protein 
SCO0112  Uncharacterized protein 
SCO0161  Uncharacterized protein 
SCO0462  2-dehydropantoate 2-reductase (EC 1.1.1.169) 
SCO0463  Uncharacterized protein 
SCO0596 dpsA DpsA (Putative DNA-binding protein) 
SCO0776  Putative integral membrane protein 
SCO0784  Putative secreted protein 
SCO0973  Putative integral membrane protein 
SCO0978 panD Aspartate 1-decarboxylase (EC 4.1.1.11) 
(Aspartate alpha-decarboxylase) [Cleaved 
into: Aspartate 1-decarboxylase beta chain; 
Aspartate 1-decarboxylase alpha chain] 
SCO2256 panB 3-methyl-2-oxobutanoate 
hydroxymethyltransferase (EC 2.1.2.11) 
(Ketopantoate hydroxymethyltransferase) 
(KPHMT) 
SCO2487  Putative nitrite reductase large subunit NirB 
SCO2629  Putative membrane protein 
SCO2739  Uncharacterized protein 
SCO2829  Probable amino acid ABC transporter protein, 
integral membrane component 
SCO3088  Uncharacterized protein 
SCO3089  Putative ABC transporter ATP-binding protein 
SCO3110  Putative ABC transport system integral 
membrane protein 
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SCO3390  Putative two component sensor kinase 
SCO3472  Putative transposase remnant 
SCO3512  Putative integral membrane protein 
SCO3661 clpB Chaperone protein ClpB 
SCO3935  Uncharacterized protein 
SCO3956  Putative ABC transporter ATP-binding protein 
SCO3957  Possible integral membrane protein 
SCO3958  ABC transporter ATP-binding protein 
SCO3959  Possible integral membrane protein 
SCO3990  Uncharacterized protein 
SCO4014  Uncharacterized protein 
SCO4216  Uncharacterized protein 
SCO4624  Uncharacterized protein 
SCO4625  Uncharacterized protein 
SCO4688  Uncharacterized protein 
SCO4950  Nitrate reductase gamma chain NarI3 
SCO5326  Uncharacterized protein 
SCO5916  Uncharacterized protein 
SCO6091  Putative integral membrane protein 
SCO6338  Putative transposase 
SCO6500 gvpA1/gvpA Probable gas vesicle structural protein 1 
(GVP) 
SCO6515  Putative protease 
SCO7053  Uncharacterized protein 
SCO7186  Putative integral membrane protein 
SCO7190  Prenyltransferase homolog (Uncharacterized 
protein) 
SCO7260  Possible membrane protein 
SCO7289  Putative regulator 
SCO7315  Uncharacterized protein 
SCO7317  Uncharacterized protein 
SCO7387  Uncharacterized protein 
SCO7392  Uncharacterized protein 
SCO7735  Uncharacterized protein 
SCO7747  Uncharacterized protein 
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Monosome up significant enrichment analysis 
 
Gene_Ontology_identifier Description GO_term 
GO:0005515 protein binding molecular_function 
GO:0042398 cellular modified amino acid 
biosynthetic process 
biological_process 
GO:0006457 protein folding biological_process 
GO:0015939 pantothenate metabolic process biological_process 
GO:0015940 pantothenate biosynthetic 
process 
biological_process 
 
Polysome up significant annotation 
 
SCOnumber Primary_gene_name ProteinName 
SCO5632  Uncharacterized protein 
SCO0193  Putative DNA-binding regulator 
SCO0231  Uncharacterized protein 
SCO0600 sigB RNA polymerase sigma factor sig8 (SigB) 
SCO0678  UPF0337 protein SCO0678 
SCO0679  Uncharacterized protein 
SCO2315  Putative membrane protein 
SCO3111  Putative ABC transport system ATP-binding 
protein 
SCO3187  Uncharacterized protein 
SCO3668 hspR Putative heat shock protein HspR 
SCO3669 dnaJ1 Chaperone protein DnaJ 1 
SCO3670 grpE Protein GrpE (HSP-70 cofactor) 
SCO3671 dnaK Chaperone protein DnaK (HSP70) (Heat shock 
70 kDa protein) (Heat shock protein 70) 
SCO4005  Putative RNA polymerase sigma factor 
SCO4198  Putative DNA-binding protein 
SCO4199  Uncharacterized protein 
SCO4296 groL2/groEL2 60 kDa chaperonin 2 (GroEL protein 2) (Protein 
Cpn60 2) 
SCO4317  Uncharacterized protein 
SCO4761 groS/groES 10 kDa chaperonin (GroES protein) (Protein 
Cpn10) 
SCO4762 groL1/groEL1 60 kDa chaperonin 1 (HSP58) (Protein Cpn60 
1) (groEL1 protein) 
SCO4903  Putative membrane protein 
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SCO5285 lon Lon protease (EC 3.4.21.53) (ATP-dependent 
protease La) 
SCO5917  Uncharacterized protein 
SCO6499  Putative gas vesicle synthesis protein 
SCO7238  Uncharacterized protein 
SCO7278  RNA polymerase sigma factor 
SCO7325  Anti-sigma factor antagonist 
SCO7442  Uncharacterized protein 
SCO7446  Putative regulator 
SCO7646  Putative membrane protein 
SCO7754  Putative anti-sigma factor antagonist 
SCO7755  Uncharacterized protein 
SCO7756  Uncharacterized protein 
SCO6642  Uncharacterized protein 
SCO0009 
SCO7838 
 Uncharacterized protein 
SCO0463  Uncharacterized protein 
SCO0596 dpsA DpsA (Putative DNA-binding protein) 
SCO0776  Putative integral membrane protein 
SCO0784  Putative secreted protein 
SCO0973  Putative integral membrane protein 
SCO0978 panD Aspartate 1-decarboxylase (EC 4.1.1.11) 
(Aspartate alpha-decarboxylase) [Cleaved into: 
Aspartate 1-decarboxylase beta chain; Aspartate 
1-decarboxylase alpha chain] 
SCO2256 panB 3-methyl-2-oxobutanoate 
hydroxymethyltransferase (EC 2.1.2.11) 
(Ketopantoate hydroxymethyltransferase) 
(KPHMT) 
SCO2829  Probable amino acid ABC transporter protein, 
integral membrane component 
SCO3088  Uncharacterized protein 
SCO3089  Putative ABC transporter ATP-binding protein 
SCO3110  Putative ABC transport system integral 
membrane protein 
SCO3390  Putative two component sensor kinase 
SCO3661 clpB Chaperone protein ClpB 
SCO3956  Putative ABC transporter ATP-binding protein 
SCO3957  Possible integral membrane protein 
SCO3958  ABC transporter ATP-binding protein 
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SCO3959  Possible integral membrane protein 
SCO3990  Uncharacterized protein 
SCO4624  Uncharacterized protein 
SCO4688  Uncharacterized protein 
SCO6091  Putative integral membrane protein 
SCO6500 gvpA1/gvpA Probable gas vesicle structural protein 1 (GVP) 
SCO6515  Putative protease 
SCO7186  Putative integral membrane protein 
SCO7317  Uncharacterized protein 
SCO7735  Uncharacterized protein 
SCO7747  Uncharacterized protein 
SCO0108  Uncharacterized protein 
SCO0162  Uncharacterized protein 
SCO0165  Uncharacterized protein 
SCO0167  Uncharacterized protein 
SCO0168  Possible regulator protein 
SCO0169  Uncharacterized protein 
SCO0170  Uncharacterized protein 
SCO0173  Uncharacterized protein 
SCO0174  Putative DNA-binding protein 
SCO0177  Putative membrane protein SCJ1.26 
SCO0179  Putative zinc-containing dehydrogenase 
SCO0180  Uncharacterized protein 
SCO0181  Uncharacterized protein 
SCO0196  Uncharacterized protein 
SCO0199  Putative alcohol dehydrogenase 
SCO0200  Uncharacterized protein 
SCO0201  Putative integral membrane protein SCJ12.13c 
SCO0208  Pyruvate phosphate dikinase 
SCO0209  Uncharacterized protein 
SCO0212  Uncharacterized protein 
SCO0268  Uncharacterized protein 
SCO0569 rpmJ2 50S ribosomal protein L36 2 
SCO0761  Uncharacterized protein 
SCO0922  Putative reductase iron-sulfur protein 
SCO0977  Uncharacterized protein 
SCO1045  Putative metal associated protein 
SCO1550  Putative small membrane protein 
SCO1981  Uncharacterized protein 
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SCO2168  Uncharacterized protein 
SCO2340  Uncharacterized protein 
SCO2555 hrcA Heat-inducible transcription repressor HrcA 
SCO2698  Putative small hydrophilic protein 
SCO3158  Uncharacterized protein 
SCO3389  Putative two component system response 
regulator 
SCO3830  Putative branched-chain alpha keto acid 
dehydrogenase E1 beta subunit 
SCO4020  Putative two component system response 
regulator 
SCO4349  Uncharacterized protein 
SCO4687  Uncharacterized protein 
SCO5082  Putative transcriptional regulatory protein 
SCO6302  Uncharacterized protein 
SCO7189  Uncharacterized protein 
SCO7277  Putative regulator protein 
SCO7694  Putative tetR-family transcriptional regulator 
SCO7752  Putative integral membrane protein 
SCO7776  Uncharacterized protein 
SCO7799  Putative transposase 
 
 
Polysome up significant enrichment analysis 
 
Gene_Ontology_identifier Description GO_term 
GO:0005515 protein binding molecular_function 
GO:0050896 response to stimulus biological_process 
GO:0006457 protein folding biological_process 
GO:0015939 pantothenate metabolic process biological_process 
GO:0015940 pantothenate biosynthetic process biological_process 
 
Monosome polysome significant up annotation 
 
SCO 
number 
Primary_gene_name ProteinName 
SCO0681  Putative ferredoxin/ferredoxin-NADP reductase 
(Putative secreted protein) 
SCO3113  SCO3113 protein (Fragment) 
SCO4174  Putative integral membrane protein 
SCO5632  Uncharacterized protein 
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SCO6624  Putative membrane protein 
SCO0193  Putative DNA-binding regulator 
SCO0231  Uncharacterized protein 
SCO0517  Uncharacterized protein (Fragment) 
SCO0600 sigB RNA polymerase sigma factor sig8 (SigB) 
SCO0678  UPF0337 protein SCO0678 
SCO0679  Uncharacterized protein 
SCO0693  Putative membrane protein 
SCO0827  Uncharacterized protein 
SCO1713  Uncharacterized protein 
SCO2315  Putative membrane protein 
SCO2486  Putative nitrite reductase NirB 
SCO2488  Putative nitrite reductase small subunit NirC 
SCO3111  Putative ABC transport system ATP-binding protein 
SCO3187  Uncharacterized protein 
SCO3668 hspR Putative heat shock protein HspR 
SCO3669 dnaJ1 Chaperone protein DnaJ 1 
SCO3670 grpE Protein GrpE (HSP-70 cofactor) 
SCO3671 dnaK Chaperone protein DnaK (HSP70) (Heat shock 70 
kDa protein) (Heat shock protein 70) 
SCO3802  Putative membrane protein 
SCO4005  Putative RNA polymerase sigma factor 
SCO4198  Putative DNA-binding protein 
SCO4199  Uncharacterized protein 
SCO4296 groL2/groEL2 60 kDa chaperonin 2 (GroEL protein 2) (Protein 
Cpn60 2) 
SCO4317  Uncharacterized protein 
SCO4761 groS/groES 10 kDa chaperonin (GroES protein) (Protein Cpn10) 
SCO4762 groL1/groEL1 60 kDa chaperonin 1 (HSP58) (Protein Cpn60 1) 
(groEL1 protein) 
SCO4903  Putative membrane protein 
SCO5285 lon Lon protease (EC 3.4.21.53) (ATP-dependent 
protease La) 
SCO5917  Uncharacterized protein 
SCO6499  Putative gas vesicle synthesis protein 
SCO7238  Uncharacterized protein 
SCO7278  RNA polymerase sigma factor 
SCO7325  Anti-sigma factor antagonist 
SCO7442  Uncharacterized protein 
SCO7446  Putative regulator 
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SCO7646  Putative membrane protein 
SCO7754  Putative anti-sigma factor antagonist 
SCO7755  Uncharacterized protein 
SCO7756  Uncharacterized protein 
SCO6642  Uncharacterized protein 
SCO0009 
SCO7838 
 Uncharacterized protein 
SCO0035  Uncharacterized protein 
SCO0112  Uncharacterized protein 
SCO0161  Uncharacterized protein 
SCO0462  2-dehydropantoate 2-reductase (EC 1.1.1.169) 
SCO0463  Uncharacterized protein 
SCO0596 dpsA DpsA (Putative DNA-binding protein) 
SCO0776  Putative integral membrane protein 
SCO0784  Putative secreted protein 
SCO0973  Putative integral membrane protein 
SCO0978 panD Aspartate 1-decarboxylase (EC 4.1.1.11) (Aspartate 
alpha-decarboxylase) [Cleaved into: Aspartate 1-
decarboxylase beta chain; Aspartate 1-
decarboxylase alpha chain] 
SCO2256 panB 3-methyl-2-oxobutanoate hydroxymethyltransferase 
(EC 2.1.2.11) (Ketopantoate 
hydroxymethyltransferase) (KPHMT) 
SCO2487  Putative nitrite reductase large subunit NirB 
SCO2739  Uncharacterized protein 
SCO2829  Probable amino acid ABC transporter protein, 
integral membrane component 
SCO3088  Uncharacterized protein 
SCO3089  Putative ABC transporter ATP-binding protein 
SCO3110  Putative ABC transport system integral membrane 
protein 
SCO3390  Putative two component sensor kinase 
SCO3472  Putative transposase remnant 
SCO3512  Putative integral membrane protein 
SCO3661 clpB Chaperone protein ClpB 
SCO3935  Uncharacterized protein 
SCO3956  Putative ABC transporter ATP-binding protein 
SCO3957  Possible integral membrane protein 
SCO3958  ABC transporter ATP-binding protein 
SCO3959  Possible integral membrane protein 
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SCO3990  Uncharacterized protein 
SCO4014  Uncharacterized protein 
SCO4216  Uncharacterized protein 
SCO4624  Uncharacterized protein 
SCO4625  Uncharacterized protein 
SCO4688  Uncharacterized protein 
SCO5326  Uncharacterized protein 
SCO5916  Uncharacterized protein 
SCO6091  Putative integral membrane protein 
SCO6338  Putative transposase 
SCO6500 gvpA1/gvpA Probable gas vesicle structural protein 1 (GVP) 
SCO6515  Putative protease 
SCO7053  Uncharacterized protein 
SCO7186  Putative integral membrane protein 
SCO7190  Prenyltransferase homolog (Uncharacterized 
protein) 
SCO7260  Possible membrane protein 
SCO7289  Putative regulator 
SCO7315  Uncharacterized protein 
SCO7317  Uncharacterized protein 
SCO7387  Uncharacterized protein 
SCO7392  Uncharacterized protein 
SCO7735  Uncharacterized protein 
SCO7747  Uncharacterized protein 
SCO0108  Uncharacterized protein 
SCO0162  Uncharacterized protein 
SCO0165  Uncharacterized protein 
SCO0167  Uncharacterized protein 
SCO0168  Possible regulator protein 
SCO0169  Uncharacterized protein 
SCO0170  Uncharacterized protein 
SCO0173  Uncharacterized protein 
SCO0174  Putative DNA-binding protein 
SCO0177  Putative membrane protein SCJ1.26 
SCO0179  Putative zinc-containing dehydrogenase 
SCO0180  Uncharacterized protein 
SCO0181  Uncharacterized protein 
SCO0196  Uncharacterized protein 
SCO0199  Putative alcohol dehydrogenase 
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SCO0200  Uncharacterized protein 
SCO0201  Putative integral membrane protein SCJ12.13c 
SCO0208  Pyruvate phosphate dikinase 
SCO0209  Uncharacterized protein 
SCO0212  Uncharacterized protein 
SCO0268  Uncharacterized protein 
SCO0569 rpmJ2 50S ribosomal protein L36 2 
SCO0761  Uncharacterized protein 
SCO0922  Putative reductase iron-sulfur protein 
SCO0977  Uncharacterized protein 
SCO1045  Putative metal associated protein 
SCO1550  Putative small membrane protein 
SCO1981  Uncharacterized protein 
SCO2168  Uncharacterized protein 
SCO2340  Uncharacterized protein 
SCO2555 hrcA Heat-inducible transcription repressor HrcA 
SCO2698  Putative small hydrophilic protein 
SCO3158  Uncharacterized protein 
SCO3389  Putative two component system response regulator 
SCO3830  Putative branched-chain alpha keto acid 
dehydrogenase E1 beta subunit 
SCO4020  Putative two component system response regulator 
SCO4349  Uncharacterized protein 
SCO4687  Uncharacterized protein 
SCO5082  Putative transcriptional regulatory protein 
SCO6302  Uncharacterized protein 
SCO7189  Uncharacterized protein 
SCO7277  Putative regulator protein 
SCO7694  Putative tetR-family transcriptional regulator 
SCO7752  Putative integral membrane protein 
SCO7776  Uncharacterized protein 
SCO7799  Putative transposase 
SCO0017 
SCO7830 
 Uncharacterized protein 
SCO0021  Uncharacterized protein 
SCO0129  Uncharacterized protein 
SCO0148  Putative transcriptional regulatory protein 
SCO0150  Uncharacterized protein 
SCO0171  Nicotinate phosphoribosyltransferase (EC 6.3.4.21) 
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SCO0188  Putative methylesterase 
SCO0192  Putative oxidoreductase 
SCO0198  Uncharacterized protein 
SCO0205 NOT 
RECOGNISED BY 
UNIPROT 
 
SCO0210  Uncharacterized protein 
SCO0213  Putative nitrate/nitrite transporter protein 
SCO0216  Nitrate reductase alpha chain NarG2 
SCO0230  Putative tetR-family transcriptional regulator 
SCO0297  Putative secreted protein 
SCO0298  Putative lysR-family transcriptional regulator 
SCO0305  Uncharacterized protein 
SCO0404  Putative 2-haloalkanoic acid dehalogenase 
SCO0409 sapA Spore-associated protein A 
SCO0411  Uncharacterized protein 
SCO0460  Uncharacterized protein 
SCO0595  Uncharacterized protein 
SCO0607  Hypothetical lipoportein SCF55.31 
SCO0608  Putative regulatory protein 
SCO0690  Possible oxidoreductase, molybdopterin binding 
subunit 
SCO0698  Uncharacterized protein 
SCO0701  Uncharacterized protein 
SCO0758  Uncharacterized protein 
SCO0759  Uncharacterized protein 
SCO0760  Putative methyltransferase 
SCO0762 sti1 Subtilase-type protease inhibitor 
SCO0777  Uncharacterized protein 
SCO0779  Uncharacterized protein 
SCO0781  Anti-sigma factor antagonist 
SCO0786  Putative integral membrane protein 
SCO0792  Uncharacterized protein 
SCO0798  Putative secreted protein 
SCO0826  Uncharacterized protein 
SCO0897  Uncharacterized protein 
SCO0909  Uncharacterized protein 
SCO0919  Uncharacterized protein 
SCO0923  Putative reductase flavoprotein subunit 
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SCO0924  Putative cytochrome B subunit 
SCO0940  Putative marR-family regulatory protein 
SCO0976  Uncharacterized protein 
SCO0993  Uncharacterized protein 
SCO1002  Uncharacterized protein 
SCO1003  Putative tetR-family transcriptional regulator 
SCO1044  Putative secreted protein 
SCO1046  Putative metal transporter ATPase 
SCO1200  Putative regulatory protein 
SCO1203  Putative MutT-like protein 
SCO1222  Uncharacterized protein 
SCO1225  Putative osmoprotectant transporter 
SCO1288  Putative integral membrane protein 
SCO1293  Uncharacterized protein 
SCO1304  Uncharacterized protein 
SCO1360  Putative gntR-family transcriptional regulator 
SCO1364  Uncharacterized protein 
SCO1375  Uncharacterized protein 
SCO1388  Putative mannose-1-phosphate guanyltransferase 
SCO1403  Putative membrane protein 
SCO1421 rbpA RNA polymerase-binding protein RbpA 
SCO1534  Putative DNA polymerase III 
SCO1604 NOT 
RECOGNISED BY 
UNIPROT 
 
SCO1699  Putative transcriptional regulator 
SCO1700  Putative membrane protein 
SCO1737  Uncharacterized protein 
SCO1793  Putative secreted protein 
SCO1795  Uncharacterized protein 
SCO1800  Putative small secreted protein 
SCO1803  Putative oxidoreductase 
SCO1804  Putative S-adenosylmethionine:tRNA 
ribosyltransferase-isomerase 
SCO1905  Uncharacterized protein 
SCO1997  Uncharacterized protein 
SCO2164  Putative integral membrane efflux protein 
SCO2167  Uncharacterized protein 
SCO2210  Glutamine synthetase (EC 6.3.1.2) 
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SCO2236 yoeB Toxin YoeB (EC 3.1.-.-) (Endoribonuclease YoeB) 
(Putative mRNA interferase YoeB) 
SCO2237  Putative lyase 
SCO2265  Uncharacterized protein 
SCO2270  Putative membrane protein 
SCO2342  Putative secreted protein 
SCO2372  Putative small hydrophobic protein 
SCO2471  Putative secreted protein 
SCO2473  Putative nitrate reductase 
SCO2494  Putative pyruvate phosphate dikinase 
SCO2512  Uncharacterized protein 
SCO2513  Uncharacterized protein 
SCO2554 dnaJ2 Chaperone protein DnaJ 2 
SCO2634  Uncharacterized protein 
SCO2695  Uncharacterized protein 
SCO2746 rbsA2 Ribose import ATP-binding protein RbsA 2 (EC 
3.6.3.17) 
SCO2747  Bifunctional carbohydrate binding and transport 
protein 
SCO2789 glmS Glutamine--fructose-6-phosphate aminotransferase 
[isomerizing] (EC 2.6.1.16) (D-fructose-6-
phosphate amidotransferase) (GFAT) 
(Glucosamine-6-phosphate synthase) 
(Hexosephosphate aminotransferase) (L-glutamine--
D-fructose-6-phosphate amidotransferase) 
SCO2811  Putative regulator 
SCO2822  Putative decarboxylase 
SCO2828  Probable amino acid ABC transporter protein, 
solute-binding component 
SCO2831  Probable amino acid ABC transporter protein, ATP-
binding component 
SCO2928  Putative asnC-family transcriptional regulator 
SCO2930  Putative permease membrane component 
SCO2959  Putative nitrate extrusion protein 
SCO3083  Putative integral membrane protein 
SCO3090  Putative ABC transporter integral membrane protein 
SCO3091  Cyclopropane-fatty-acyl-phospholipid synthase 
SCO3152  Uncharacterized protein 
SCO3202 hrdD RNA polymerase principal sigma factor HrdD 
SCO3206  Putative transmembrane efflux protein 
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SCO3207  Putative tetR-family transcriptional regulator 
(Fragment) 
SCO3217  Putative transcriptional regulator 
SCO3265  Uncharacterized protein 
SCO3274  Uncharacterized protein 
SCO3299  Uncharacterized protein 
SCO3356 sigE RNA polymerase sigma-E factor 
SCO3357 cseA Lipoprotein CseA 
SCO3378  Putative small membrane protein 
SCO3388  TmrB-like protein 
SCO3412  UPF0145 protein SCO3412 
SCO3533  Uncharacterized protein 
SCO3607  Putative secreted protein 
SCO3608  Uncharacterized protein 
SCO3657  Uncharacterized protein 
SCO3660  Uncharacterized protein 
SCO3701  Uncharacterized protein 
SCO3829  Putative dihydrolipoamide acyltransferase 
component E2 
SCO3831  E1-alpha branched-chain alpha keto acid 
dehydrogenase 
SCO3857  Putative regulatory protein 
SCO3899  Uncharacterized protein 
SCO3930  Uncharacterized protein 
SCO3987  Uncharacterized protein 
SCO3996  Putative excisionase 
SCO4004  Putative small membrane protein 
SCO4029  Uncharacterized protein 
SCO4055  Putative alcohol dehydrogenase 
SCO4175  Uncharacterized protein 
SCO4187  Putative membrane protein 
SCO4213  Uncharacterized protein 
SCO4225  Putative integral membrane protein 
SCO4280  Putative reductase 
SCO4332  Putative integral membrane ATPase 
SCO4348  Uncharacterized protein 
SCO4350  Putative integrase 
SCO4520  Uncharacterized protein 
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SCO4565 nuoD2 NADH-quinone oxidoreductase subunit D 2 (EC 
1.6.99.5) (NADH dehydrogenase I subunit D 2) 
(NDH-1 subunit D 2) 
SCO4566  NuoE, NADH dehydrogenase subunit 
SCO4567 nuoF NADH-quinone oxidoreductase subunit F (EC 
1.6.99.5) (NADH dehydrogenase I subunit F) 
(NDH-1 subunit F) 
SCO4584  Putative membrane protein 
SCO4585  Putative ABC transporter ATP-binding protein 
SCO4615  Integrase 
SCO4619  Putative integral membrane protein 
SCO4956 msrA Peptide methionine sulfoxide reductase MsrA 
(Protein-methionine-S-oxide reductase) (EC 
1.8.4.11) (Peptide-methionine (S)-S-oxide 
reductase) (Peptide Met(O) reductase) 
SCO4983  Uncharacterized protein 
SCO5140  Uncharacterized protein 
SCO5145  Uncharacterized protein 
SCO5163  Uncharacterized protein 
SCO5191  Uncharacterized protein 
SCO5238  Putative TetR-family protein 
SCO5248  Uncharacterized protein 
SCO5276  Uncharacterized protein 
SCO5325  Uncharacterized protein 
SCO5349  Putative integrase 
SCO5484  Small hydrophobic membrane protein 
SCO5536  Uncharacterized protein 
SCO5639  Uncharacterized protein 
SCO5811  Transcriptional regulator 
SCO5880  RedY protein 
SCO5970  Uncharacterized protein 
SCO5990  Uncharacterized protein 
SCO6061  Putative oxidoreductase 
SCO6123  Putative quinone binding protein 
SCO6156  Putative regulatory protein 
SCO6296  Uncharacterized protein 
SCO6388  Uncharacterized protein 
SCO6433  Uncharacterized protein 
SCO6501  Putative gas vesicle synthesis protein 
SCO6502  Putative gas vesicle synthesis protein 
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SCO6504  Uncharacterized protein 
SCO6508  Putative gas vesicle synthesis protein 
SCO6511  Uncharacterized protein 
SCO6514  Uncharacterized protein 
SCO6612  Putative hydrolase 
SCO6660  Uncharacterized protein 
SCO6661 zwf Glucose-6-phosphate 1-dehydrogenase (G6PD) (EC 
1.1.1.49) 
SCO6662 tal1/tal Transaldolase 1 (EC 2.2.1.2) 
SCO6663  Transketolase B 
SCO6685  Putative two-component system response regulator 
SCO6715 whiB Transcriptional regulator WhiB 
SCO6722  Putative regulator 
SCO6724  Uncharacterized protein 
SCO6728  Putative membrane protein 
SCO6905  Uncharacterized protein 
SCO6925  Uncharacterized protein 
SCO6931  Uncharacterized protein 
SCO6932  Uncharacterized protein 
SCO6964  Uncharacterized protein 
SCO7058  Putative integral membrane protein 
SCO7095 SC3A4.21c Putative hydrolase (Putative hydrolase SCO7095) 
SCO7098  Uncharacterized protein 
SCO7100  Putative oxidoreductase 
SCO7106 whiB Transcriptional regulator WhiB 
SCO7168  Putative gntR-family transcriptional regulator 
SCO7210  Uncharacterized protein 
SCO7261  Putative membrane protein 
SCO7310  Putative regulatory protein 
SCO7311  Probable amino acid decarboxylase 
SCO7313  Uncharacterized protein 
SCO7314  Probable RNA polymerase sigma factor 
SCO7324  Putative regulatory protein 
SCO7331  Putative glutamate--cysteine ligase 2 (EC 6.3.2.2) 
(Gamma-glutamylcysteine synthetase 2) (GCS 2) 
(Gamma-GCS 2) 
SCO7377  Uncharacterized protein 
SCO7378  Uncharacterized protein 
SCO7379  Uncharacterized protein 
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SCO7393  Putative lipoprotein 
SCO7403  Putative membrane protein 
SCO7414  Putative integral membrane protein 
SCO7427 nsrR HTH-type transcriptional repressor NsrR 
SCO7460  Putative lipoprotein 
SCO7494  Putative membrane protein 
SCO7514  Putative integral membrane protein 
SCO7545  Putative ABC-transport protein, ATP-binding 
component 
SCO7584  Putative transcriptional regulator 
SCO7585  Putative merR-family transcriptional regulator 
SCO7613  Putative integral membrane protein 
SCO7627  Uncharacterized protein 
SCO7632  Uncharacterized protein 
SCO7636  Putative membrane protein 
SCO7693  Putative oxidoreductase 
SCO7702  Putative GntR-family transcriptional regulator 
SCO7708  Uncharacterized protein 
SCO7732  Uncharacterized protein 
SCO7733  Putative transcriptional regulatory protein 
SCO7734  Uncharacterized protein 
SCO7744 NOT 
RECOGNISED BY 
UNIPROT 
 
SCO7753  Uncharacterized protein 
SCO7800  Uncharacterized protein 
SCO7821  Putative integral membrane protein 
SCO0019 
SCO7828 
 Putative DNA-binding protein (Uncharacterized 
protein) 
 
Monosome polysome significant up enrichment analysis 
 
Gene_Ontology_identifier Description GO_term 
GO:0016781 phosphotransferase activity, paired 
acceptors 
molecular_function 
GO:0016887 ATPase activity molecular_function 
GO:0005488 binding molecular_function 
GO:0006457 protein folding biological_process 
GO:0006807 nitrogen compound metabolic 
process 
biological_process 
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GO:0015939 pantothenate metabolic process biological_process 
GO:0015940 pantothenate biosynthetic process biological_process 
 
Transcription monosome polysome significant up annotation (Potentiated genes) 
 
SCO number Primary_gene_name ProteinName 
SCO0193  Putative DNA-binding regulator 
SCO0231  Uncharacterized protein 
SCO0517  Uncharacterized protein (Fragment) 
SCO0600 sigB RNA polymerase sigma factor sig8 (SigB) 
SCO0678  UPF0337 protein SCO0678 
SCO0679  Uncharacterized protein 
SCO0693  Putative membrane protein 
SCO0827  Uncharacterized protein 
SCO1713  Uncharacterized protein 
SCO2315  Putative membrane protein 
SCO2486  Putative nitrite reductase NirB 
SCO2488  Putative nitrite reductase small subunit NirC 
SCO3111  Putative ABC transport system ATP-binding 
protein 
SCO3187  Uncharacterized protein 
SCO3668 hspR Putative heat shock protein HspR 
SCO3669 dnaJ1 Chaperone protein DnaJ 1 
SCO3670 grpE Protein GrpE (HSP-70 cofactor) 
SCO3671 dnaK Chaperone protein DnaK (HSP70) (Heat shock 
70 kDa protein) (Heat shock protein 70) 
SCO3802  Putative membrane protein 
SCO4005  Putative RNA polymerase sigma factor 
SCO4198  Putative DNA-binding protein 
SCO4199  Uncharacterized protein 
SCO4296 groL2/groEL2 60 kDa chaperonin 2 (GroEL protein 2) (Protein 
Cpn60 2) 
SCO4317  Uncharacterized protein 
SCO4761 groS/groES 10 kDa chaperonin (GroES protein) (Protein 
Cpn10) 
SCO4762 groL1/groEL1 60 kDa chaperonin 1 (HSP58) (Protein Cpn60 
1) (groEL1 protein) 
SCO4903  Putative membrane protein 
SCO5285 lon Lon protease (EC 3.4.21.53) (ATP-dependent 
protease La) 
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SCO5917  Uncharacterized protein 
SCO6499  Putative gas vesicle synthesis protein 
SCO7238  Uncharacterized protein 
SCO7278  RNA polymerase sigma factor 
SCO7325  Anti-sigma factor antagonist 
SCO7442  Uncharacterized protein 
SCO7446  Putative regulator 
SCO7646  Putative membrane protein 
SCO7754  Putative anti-sigma factor antagonist 
SCO7755  Uncharacterized protein 
SCO7756  Uncharacterized protein 
 
 
 
Transcription monosome polysome significant up enrichment analysis (Potentiated 
genes enrichment analysis) 
 
Gene_Ontology_identifier Description GO_term 
GO:0005488 binding molecular_function 
GO:0005515 protein binding molecular_function 
GO:0006457 protein folding biological_process 
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C. Appendix  
SUPPLEMENTARY DATA FOR CHAPTER FOUR 
 
C.1 Clearing the cell extracts 
 
C.1.1 RNA extraction from 37°C replicate one samples using lithium chloride 
precipitation 
 
Sample ID Nucleic Acid Unit 260/280 260/230 Yield in µg (in 25 µL 
total volume) 
Fraction 1 3.76 ng/µL 1.07 1.43 0.09 
Fraction 2 3.85 ng/µL 0.89 1.47 0.10 
Fraction 3 3.21 ng/µL 1.12 1.75 0.08 
Fraction 4 3.76 ng/µL 1.31 1.51 0.09 
Fraction 5 7.55 ng/µL 1.43 1.90 0.19 
Fraction 6 2.30 ng/µL 1.04 1.74 0.06 
Fraction 7 4.52 ng/µL 1.45 2.80 0.11 
Fraction 8 3.27 ng/µL 1.42 1.51 0.08 
Fraction 9 2.54 ng/µL 0.95 1.79 0.06 
Fraction 10 3.87 ng/µL 1.10 1.72 0.10 
Fraction 11 2.85 ng/µL 1.35 1.45 0.07 
 
C.1.2 RNA extraction from 37°C replicate two samples using mirVana kit  
 
Sample ID  Nucleic Acid Unit 260/280 260/230 Yield in µg (in 25 µL 
total volume) 
Fraction 1 31.96 ng/µL 1.88 0.60 0.80 
Fraction 2 82.74 ng/µL 1.80 0.35 2.07 
Fraction 3 67.45 ng/µL 2.14 0.35 1.69 
Fraction 4 80.29 ng/µL 1.79 0.34 2.01 
Fraction 5 53.89 ng/µL 2.06 1.74 1.35 
Fraction 6 22.72 ng/µL 1.89 1.39 0.57 
Fraction 7 17.78 ng/µL 1.80 0.58 0.44 
Fraction 8 11.98 ng/µL 1.91 0.97 0.30 
Fraction 9 7.67 ng/µL 1.38 0.30 0.19 
Fraction 10 7.48 ng/µL 1.32 0.32 0.19 
Fraction 11 6.20 ng/µL 1.41 0.55 0.16 
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C.1.3 Total RNA extraction from 37°C replicate one and two using Direct Zymo Spin 
Filter method 
 
Sample ID Nucleic Acid Unit 260/280 260/230 Yield in µg (in 25 
µL total volume) 
37°C Replicate 1 42.5 ng/µL 1.59 0.93 1.13 
37°C Replicate 2 95 ng/µL 1.09 0.82 2.37 
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D. Appendix  
D.1 Ribosome tagging/Ribosome Affinity Purification (RAP) 
 
D.1.1 Figure 5.8: Panel a) Spore suspension calculation 
 
3906 7(2) = 2.9x108 
2.9x108: 1000 µL = 108: X 
                           X = 1011/ (2.9 x 108) 
                               = 0.34 x 103 
                               = 340 µL 
3906 1(2) = 3.8x108 
3.8x108: 1000 µL = 108: X 
                           X = 1011/ (3.8 x 108) 
                               = 0.26 x 103 
                               = 260 µL 
5591 1(3) = 9.5x108 
9.5x108: 1000 µL = 108: X 
                           X = 1011/ (9.5 x 108) 
                               = 0.105 x 103 
                               = 105 µL 
5591 1(2) = 6.7x108 
6.7x108: 1000 µL = 108: X 
                           X = 1011/ (6.7 x 108) 
                               = 0.149 x 103 
                               = 149 µL 
MT1110 = 9X109 
9x109: 1000 µL = 108: X 
                           X = 1011/ (9 x 108) 
                               = 0.011 x 103 
                               = 11 µL 
MT1110 pMT 3226 = 3x1012 
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3x1012: 1000 µL = 108: X 
                           X = 1011/ (9 x 108) 
                               = 0.033 x 103 
                               = 33 µL 
 
Growth curve OD readings 
Time in h MT1110 (1) MT1110 (2) 5591 1(2) 5591 1(3) 3906 7(1) 3906 1(2) 
0 h 0 0 0 0 0 0 
3 h 0.106 0.092 0.101 0.081 0.074 0.121 
15 h 0.811 0.906 1.564 1.37 1.202 1.182 
16 h 0.242 2.186 2.229 2.137 2.115 2.279 
18 h 0.132 1.472 1.138 1.928 1.896 2.145 
20 h 0.669 2.164 1.944 0.914 2.014 2.13 
 
D.1.2 Figure 5.8, Panel b) Spore suspension calculation 
 
MT1110 = 3.5x108 
3.5x108: 1000 µL = 107 x X 
                             X   = 1010 
                                 3.5x108 
                              = 0.28 x 102 
                              = 28 µL 
MT1110 pMT3226 = 4.72x108 
4.72x108: 1000 µL = 107 x X 
                            X = 1010 
                                 4.72x108 
                                = 0.210 x 102 
                                = 21 µL 
5591 1(2) = 2.6x107 
2.6x107: 1000 µL = 107 x X 
                           X = 1010 
                                2.6x107 
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                               = 0.38x103 
                              = 380 µL 
5591 1(3) = 1.2 x 107  
1.2 x 107: 1000 µL = 107 x X 
                           X   = 1010 
                                 1.2x107  
                               = 0.830 x 103 
                               = 830 µL 
3906 7(1) = 4.6x107 
4.6 x 107: 1000 µL = 107 x X 
                         X = 1010 
                            4.6 x 107 
                             = 0.217 x 103 
                             = 217 µL 
3906 1(2) = 2.6 x 107 
2.6 x 107: 1000 µL = 107 x X 
                        X = 1010 
                           2.6 x 107 
                           = 0.380  
                           = 380 µL 
 
 
 
 
 
 
 
 
 
 300 
 
Growth curve OD readings 
Time in h MT1110 
1 
MT1110 2 
pMT3226 
3906 7(1) 3906 1(2) 5591 1(2) 5591 1(3) 
0 h 0 0 0 0 0 0 
10 h 0.052 0.074 0.067 0.078 0.159 0.07 
11 h 0.057 0.073 0.074 0.089 0.237 0.078 
12 h 0.072 0.089 0.087 0.122 0.373 0.086 
13 h 0.081 0.092 0.093 0.16 0.559 0.097 
15 h 0.134 0.136 0.133 0.258 1.198 0.172 
18 h  0.279 0.249 0.387 0.799 1.681 0.44 
20 h 0.756 0.732 0.951 1.261 1.87 1.129 
22 h 1.353 1.252 1.63 1.729 1.827 1.629 
24 h 1.944 1.808 1.872 1.807 1.935 1.772 
45 h 1.992 2.006 1.883 2.21 2.03 2.144 
47 h 1.975 1.981 1.897 2.414 2.012 2.115 
88 h 2.136 2.132 1.942 2.798 2.035 2.23 
91 h 2.139 2.12 1.916 2.814 2.021 2.225 
109 h 1.884 1.826 1.591 2.432 1.693 1.933 
 
 
D.1.3 Figure 5.8, Panel c) Growth curve OD readings 
 
Time in h MT1110 1 MT1110 2 5591 1(3) 5591 1(2) 3906 7(2) 3906 1(2) 
0.00 0.006 0.003 0.000 0.003 0.004 0.005 
2.00 0.006 0.004 0.000 0.000 0.000 0.000 
3.50 0.007 0.002 0.000 0.000 0.000 0.000 
6.00 0.008 0.014 0.000 0.000 0.000 0.000 
20.50 1.690 2.000 0.400 1.280 1.590 1.650 
22.50 1.604 1.841 0.964 1.825 1.844 1.729 
25.00 2.000 2.000 1.411 1.860 1.800 1.880 
48.00 2.620 2.870 2.430 2.400 3.140 3.390 
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